Some intramolecular radical displacement reactions by Munaweera, Sandhya A
Some Intramolecular Radical 
Displacement Reactions 
A thesis submitted for the degree of 
Doctor of Philosophy 
at 
The Australian National University 
by 
Sandhya A. Munaweera 
The Research School of Chemistry 
Canberra, A. C. T., Australia. 
September 1989 
L 
To Ammi, Thathi, Aiya, Neeta and Peter. 
DECLARATION 
The work described in this thesis is original and has not previously been 
submitted for a degree or diploma in any other University or College, and , to the 
best of my knowledge , does not contain material previously published or presented 
by another person , except where due reference is made in the text. 
~UWA",'~ib-
Sandhya A. Munaweera 
II. 
ACKNOWLEDGEMENTS 
There have been many people who have made contributions towards the 
production of this thesis . Unfortunately they cannot all be mentioned here. 
First and foremost , thanks go to my supervisor Professor Athelston 
Beckwith for his patience, guidance and encouragement throughout this work. 
Ill. 
I would also like to thank the Beckwith group as a whole for their 
assistance and support. Of them a few deserve a special mention. The influence of 
Doctors Anil Abeywickrema, Wayne Best and Steven Westwood on my research , 
through many productive discussions has been significant. To them I am particularly 
grateful. I would also like to thank Alex Wallner for synthesising some starting 
materials and for all the assistance given to me in the laboratory. 
Mrs. Margo Anderson is thanked for doing the bioassays on the lactam 
compounds. 
I am indebted to Doctors Ian Davison . Stephan Marfurt , Peter Moeller 
and Kevin Raner for proof reading and helpful discussions regarding the preparation 
of this thesis . 
I would also like to thank Mrs . Janet Thompson for her help with word 
processing and David Griffiths , Ami Ward , Ian James and Doctor Kay Greenfield for 
their help in the final stages of putting this thesis together. 
The staff and students of the Research School of Chemistry are thanked 
for making my stay in Canberra an enjoyable and fruitful one. 
Although far away, my Mother, Father, Brother and Neeta have been an 
endless source of support, encouragement and understanding throughout my time at 
A.N.U ., for which I will always be grateful. 
Finally , special thanks go to Duggie (Peter Duggan), my fiance , for doing 
the "Chemdraw" structures and for all the help , support , encouragement and time he 
has given in order that I might channel all my efforts into the production of this 
thesis . 
IV. 
CONTENTS 
Acknowledgements III 
Abstract vii 
INTRODUCTION 1 
1.1 Free Radical substituion reactions - a brief history . 2 
1.2 Elucidation of the biosynthetic pathway to penicillin 
- a brief history . 10 
1.3 Vinyl radical cydisations - a brief history. 17 
1.4 Approaches to the synthesis of model 13-lactam 
compounds utilizing radical chemistry . 21 
CHAPTER 1 KINETIC AND MECHANISTIC STUDIES OF 
INTRAMOLECULAR HOMOLYTIC DISPLACEMENT 
AT SULPHENYL AND SULPHINYL CENTRES IN 
SOME THIOESTERS AND SULPHOXIDES. 25 
1.1 Introduction 26 
1.2 Intramolecular Homolytic Displacement at Sulphenyl 
Centres. 26 
1.3 Intramolecular Homolytic Displacement at Sulphinyl 
Centres. 31 
1.4 A Competition of Intramolecular Homolytic 
Displacement at Sulphenyl and Sulphinyl Centres. 36 
1.5 Discussion. 42 
1.6 The Synthesis of the radical precursors and the 
authentic samples of radical reaction products. 50 
CHAPTER 2 KINETIC STUDIES ON HOMOLYTIC SUBSTITUTION 
AT SULPHUR BY ALKYL RADICALS IN SOME 
DISULPHIDE AND THIOESTER SUBSTRATES. 53 
2.1 Introduction 54 
v. 
2.2 Intramolecular homolytic substitution at some 
disulphide substrates. 55 
2.2.1 Five membered ring formation. 56 
2.2.2 Six membered ring formation. 63 
2 .3 Intramolecular homolytic substitution at the S-S 
bond in some disulphide substrates. 68 
2.4 Intramolecular homolytic displacement reactions 
at the sulphur atom of some thioesters. 70 
2.4.1 Five membered ring formation. 70 
2.4.2 Six membered ring "formation. 73 
2.5 Discussion 76 
2 .6 Preparation of the radical precursors and authentic 
samples. 83 
CHAPTER 3 SOME INTRAMOLECULAR HOMOLYTIC 
DISPLACEMENT REACTIONS BY VINYL 
RADICALS. 87 
3. 1 Introduction 88 
3.2 Studies on compounds suitably constituted for five 
membered ring formation. 88 
3.2.1 Results 89 
3.2.2 Discussion. 93 
3.3 Studies on compounds suitably constituted for six 
membered ring formation . 96 
3.3.1 Results 97 
3.3.2 Discussion 104 
3.4 General trends 107 
3.5 Methods of preparation of the radical precursors 
and authentic samples for the comparison with the 
reaction products. 109 
vi. 
CHAPTER 4 PREPARATION OF FUSED 13- AND y-LACTAM 
COMPOUNDS BY RADICAL REACTIONS AND TESTS 
4 . 1 
4 .2 
FOR THEIR BIOLOGICAL ACTIVITY. 
Introduction 
Radical routes to some fused 13- and y-lactam 
compounds. 
4.2 . 1 Radical cyciisation reactions of the parent y-lactam 
112 
11 3 
114 
compounds and those with a C-4 side chain . 115 
4 .2 .2 Radical cyciisation reactions of the phthalimide 
compounds. 
4 .2 .3 Radical cyciisation reactions of t3-lactam 
compounds. 
4 .3 Biological tests on some selected t3-lactam and 
y-lactam compounds. 
4.4 
CONCLUSION 
The synthesis of the radical precursors. 
EXPERIMENTAL 
APPENDIX 1 
APPENDIX 2 
REFERENCES 
General notes 
Chapter 1 
Chapter 2 
Chapter 3 
Chapter 4 
119 
120 
122 
130 
135 
137 
138 
141 
161 
182 
197 
220 
233 
236 
vii. 
ABSTRACT 
Free radicaJ chemistry has attracted considerable interest over the past 
decade. Most attention has been focussed on the study of the mechanism and 
synthetic applications of free radical addition processes. By comparison , studies of 
the mechanism and synthetic application of free radical substitution reactions are 
relatively rare . This thesis describes work designed to elucidate further the 
mechanism of intramolecular homolytic displacement reactions at sulphur centres and 
to explore the use of such reactions in synthesis. 
Chapter 1 describes kinetic studies carried out on such displacement 
reactions at sulphenyl and sulphinyl centres by aryl radicals. The results indicate 
that the rates of cyclisation are dependent on the nature of the leaving group , namely 
that the rate is faster when the leaving group is benzyl and slower when the leaving 
group is t-butyl. This relationship is consistent with the displacement reaction 
involving aryl radical attack at the sulphur centre proceeding via a concerted 
mechanism. Comparison of the rate constants for the cyclisation at sulphinyl and 
sulphenyl centres indicates that the rate of substitution at sulphenyl centres is faster 
than at sulphinyl centres. This observation is rationalised on the basis of the possible 
electrophilic nature of aryl radicals , and supporting evidence for such electrophilic 
tendencies of aryl radicals is presented. 
Chapter 2 describes the kinetic studies carried out on intramolecular 
homolytic substitution reactions at sulphur centres by alkyl radicals in disulphide and 
thioester substrates. This study indicates that the rate of the displacement reaction is 
dependent on the nature of the leaving group as well as the nature of the bond being 
broken. The rates were observed to be faster when the leaving group was an aroyl or 
an arylthiyl group and slower when it is an acyl or alkylthiyl group. Also, the rate 
constants for disulphide substrates were observed to be larger than those for the 
thioester substrates . The rate constants for the formation of five membered rings are 
larger than those for the formation of six membered rings. The difference in the rate 
Vlll. 
of formation of five and six membered rings by this method is similar to the 
difference in the rate constants of five and six membered ring formation by radical 
addition methods , namely in the 5-hexenyl and 6-heptenyl systems. This difference 
is attributed to entropy changes involved in the reactions . 
Chapter 3 describes the work carried out on intramolecular homolytic 
displacement at sulphur centres by vinyl radicals. Although the calculation of 
accurate rate constants for these reactions was not possible , the results obtained 
indicate that the rate is dependent on the nature of the leaving group , and is in the 
following order ~benzyl > ~-Butyl > ~methyl. This relationship favours a 
concerted mechanism for these substitution reactions. 
Chapter 4 describes the work carried out on the study of the synthetic 
applications of such homolytic reactions. The preparation of fused polycyclic 13- and 
y-lactam systems employing these reactions is outlined. Furthermore, tests 
conducted to investigate their biological activity are described. The simple systems 
studied herein were found to have little or no activity against the micro-organisms 
employed in this study . 
l. 
INTRODUCTION 
2. 
I.1. Free radical substitution reactions - a brief history. 
Most free radical reactions in organic chemistry involve one or more of 
the following elementary mechanistic steps: A. B" and D represent atoms or groups. 
not necessarily carbon-centered. 
a) homolysis A-B --- > A" + B' 
b) coupling A" + B' --- > A-B 
c) addition A + B=D --- > A-B-D' 
d) a-fission A-B-D' ---> A + B=D 
e) electron transfer A + e - ---> A-
A - e-
---> A+ 
f) atom transfer A + B-D --- > A-B + D' 
(group transfer) 
Of these reactions, coupling is essentially the reverse of homolysis, and is 
a highly exothermic process. In order to employ this method in synthesis, especially 
for the formation of cyclic systems , it is necessary that two radical centres be 
generated simultaneously. Although this initial step is endothermic, the overall 
reaction is often thermodynamically favourable due to the high exothermicity of the 
coupling step. This process is especially useful in the preparation of highly strained 
ring systems which are often difficult to construct by other methods. For example, 
the preparation of 1 as outlined in Scheme 1 can be achieved by this method. 1 
Scheme 1 
c:b N 
1 
Similar to homolysis and coupling, addition and a-fission are essentially 
the reverse of each other. and are the most commonly observed and most widely 
studied radical processes. Free radical addition reactions at the double bonds of 
3. 
alkenes2-4 have been known for a long time. Such reactions at alkynes ,5 conjugated 
dienes,6 heteroatomic systems and others7 have also been reported. More recentl y, 
the detailed kinetic studies and studies on the mechanism of such intermolecular and 
intramolecular radical addition reactions have been studied extensively8-11 and the 
reader is referred to excellent reviews by Beckwith ,1 2 Beckwith and Ingold , 13 
Curran,14a Surzur14b and Giese. 14c 
Electron transfer processes are also commonly used in synthesis. In this 
regard , diazonium salt reactions have been widely studied. 15 
Atom transfer or group transfer processes , also known as free-radical 
substitution reactions , are defined as homolytic processes in which an atom or a 
group of atoms in a molecule is replaced with another atom or a group of atoms. 16 
Such reactions can take place by a number of quite distinct mechanisms , of which the 
most common is a bimolecular process involving the homolytic attack of a radical on 
another molecule. This mechanism can be referred to by the sy~bols SH2.17a 
The majority of SH2 reactions involve the attack of the radical A' on a 
univalent and hence peripheral or terminal atom such as hydrogen or a halogen . The 
conceptually simplest SH2 reaction is the attack of a hydrogen atom on molecular 
hydrogen. From the results of a number of studies 17b it appears that this process 
takes place by a synchronous SH2 displacement. Clearly , the formation of the new 
bond occurs simultaneously with the stretching of the original bond. Theoretical 
considerations 18 predict a symmetrical transition state that is linear rather than bent 
("back-side" rather than "front-side" displacement), but there is no experimental 
evidence for such a process . 
For a coordinatively saturated multivalent atom such as a sp3 -hybridised 
carbon , these reactions normally have high activation energies , and hence are rare. 
However, they need not involve unreasonably high activation energies if A is 
coordinatively unsaturated (Scheme 2) as in the case, when A forms a part of a 
multiply bonded system. 19 
Scheme 2 
R· + 
-[/8)"- + s· 
Similar SH2 reactions at multivalent atoms which do not form part of a 
multiply bonded system must necessarily involve radical attack on interior or non-
tenninal atoms. According to theoretical considerations , these reactions can be 
conveniently sub-divided into two types, synchronous reactions and stepwise 
reactions. In the synchronous mechanism the loss of C' is coordinated with the 
approach of A" and [ABCl represents a transition state, not an intermediate. 
Scheme 3 
A • + s-c -- [A ... s .. ·.cl·" - A-S + c • 
The stepwise mechanism involves the attachment of A" to ED to give an 
intermediate (ABO)' which subsequently undergoes unimolecular decomposition to 
the products. 
Scheme 4 
A • + S-o - [A-·S-Oj • 
[A-S-·Oj·- A-S + o· 
4. 
Although extensive experimental studies have been carried out to deduce 
the geometrical characteristics of such reactions, the exact mechanistic pathways of 
SH2 processes are not well established. Out of the many, the study of intermolecular 
homolytic substitutions at the S-S bond in disulphide substrates by Pryor and co-
workers, and that of intramolecular homolytic substitutions at the sulphur centres in 
monosulphides by Kampmeier et al and Beckwith and Boate will be discussed. 
Pryor and co-workers20 studied the interaction of phenyl radicals with 
alkyl disulphides. Phenyl radicals react with disulphides both by attack on the 
5. 
hydrogens adjacent to sulphur to give benzene and by attack on sulphur to give 
phenyl alkyl sulphides. The ratio of phenyl alkyl sulphide to benzene produced is 
related to the relative rates of attack by the phenyl radicals on sulphur and hydrogen 
fo r any given disulphide. Using the results obtained from this study. Pryor 
conduded that phenyl radicals attack disulphides mainly at sulphur and that the 
proportion of the attack at sulphur decreases as the sulphur atom becomes more 
hindered. For example, about 98 % of the attack is on sulphur in dimethyl 
disulphide and only 49 % in di-t-butyl disulphide. 
Scheme 5 
+ 
• 
PhH + 
Pryor and co-workers then went on to study the stereochemical outcomes 
of these SH2 processes.21 They argued that SN2 reactions at carbon and sulphur 
follow a similar mechanism in which the nudeophiles react via a back-side attack on 
sulphur or the carbon centre resulting in a Walden inversion. They concluded that 
the SH2 reactions at sulphur could be concluded to involve a Walden inversion 
mechanism, if the energetics of these reactions parallel those of the SN2 reactions at 
sulphur and carbon. They calculated the rate constants for the reaction of phenyl 
radicals with disulphides relative to its reaction with carbon tetrachloride, ~ / ~I 
and ·~H / ~l· 
When the logarithm of the relative rates of reaction 1 was plotted against 
those of the SN2 reactions, an excellent correlation was observed. Since the 
logarithm of a rate constant is proportional to the change in the free energy of the 
reaction , they concluded that similar energetic requirements affect the 
stereochemistry of both SH2 and SN2 reactions. Therefore they stated that SH2 
reactions involve a back-side, three-atoms-in-a-line transition state. 
6. 
Scheme 6 
Ar • + RSSR lis ArSR + RS • (1) 
Ar • + RSSR 1st1 ArH + RSSR I • (2) 
Ar • + CCI, lie I ArCl + • CCI3 (3) 
Having studied the stereochemical outcomes of SH2 reaction at sulphur. 
Pryor et al22 then went on to investigate the concertedness of the reaction, whether 
these reactions follow a one step path or whether they proceeded by an addition-
elimination sequence. If they follow an addition-elimination step , a radical 
intermediate of the nature ~ would be formed during the reaction and Pryor et al 
argued that the stabilities of these intermediary radicals would give an insight into 
the actual mechanism of the reaction. They further stated that. unlike the rate 
profiles for the phenyl radical attack at disulphides, the rate profile of a particular 
reaction may not parallel those of SN2 reactions, if the intermediate formed during 
the above mentioned reaction is more stabilised than those formed during the phenyl 
radical attack at disulphides. Since it is known that the para-nitro group has an 
enormous effect on the stabilities of radicals of the triarylmethyl type23 they argued 
that the intermediates formed, from the 'p-nitrophenyl radical attack at disulphides 
would be more stabilised than those observed in the phenyl radical attack at 
disulphides. Therefore, they calculated the rate constants for the attack of .p-
nitro phenyl radicals on the same series of disulphides as was studied for the phenyl 
radical attack. The results from these studies indicated that the reactions of the two 
radicals correlate similarly with the SN2 reactions. Then they compared the rate 
profiles of many different types of reactions in which the R groups were similar. It 
was observed that all these reactions correlated excellently with the SN2 reactions on 
carbon. Thus. they concluded that "no mechanistic significance at all can be 
attached to a good correlation between the relative rate constants for two different 
7 . 
reactions in a log-log plot when the variable is the same". They went on to state 
that "not only may unlike reactions correlate with each other with slopes near unity. 
but reactions which have the same mechanism may correlate with slopes which are 
not unity". 
Scheme 7 
Ar· + RSSR [ Ac-LSA J. ArSR + AS • 
From a comparison of all the ionic substitution reactions at sulphur in 
which the stereochemistry has been investigated,24-27 they concluded that the attack 
of both nucleophiles and radicals at sulphur centres occur by a back-side attack 
mechanism. They also stated that many of these reactions probably do not involve a 
direct , one step displacement reaction, but rather proceed through an addition 
elimination pathway involving a metastable intermediate in which sulphur has 
expanded its electronic octet.28 
Although similar intramolecular SH2 reactions are known to occur at 
sulphenyl centres of monosulphide substrates,29-33 the intimate details of the 
mechanisms of these reactions are not yet well understood. One of the difficulties 
associated with classical approaches to the study of the mechanism arises from the 
achiral nature of the divalent sulphur atom which precludes the use of stereochemical 
probes. Consequently, mechanistic hypotheses have been based mainly on product 
analyses and kinetic studies. 
Kampmeier and his co-workers34 in their early work, observed that the 
radical ~ undergoes only exo ring closure to give dihydrobenzothiophene §. Since 
the three centres involved in the reaction can attain a linear arrangement in the exo 
process, but cannot do so in the en do process because of the constraints of the ring, 
this evidence that the exo substitution is very much faster than the endo is consistent 
with the hypothesis of a linear transition structure. Such a colinear arrangement of 
centres arising from back-side attack on the atom undergoing substitution has 
recently been shown by theoretical studies to be involved in reactions of oxygen 
centred radicals with C-H bonds .35 However, no theoretical studies have been 
8. 
conducted on the C-S-C system and the results of Kampmeier 's experiments, while 
compatable with a mechanism proceeding by concerted back-side attack, do not 
unambiguously preclude either a concerted front-side attack or a two step mechanism 
involving the intermediacy of a tricoordinate, hypervalent sulphur centred radical. 
Scheme 8 
exo CD ,I + R • ring closure 
~ ~ substitution OC" ,I . 
I 
Since the basic mechanism of homolytic substitution at sulphinyl centres is 
thought to be essentially the same as that for sulphenyl centres, Beckwith and 
Boate36 decided to use suitably constructed systems containing chiral sui ph oxide 
groups to obtain a better understanding of the mechanistic details. Like Kampmeier 
they observed the exo-substitution process: the radical 2 generated by stannane 
attack on the bromide ~ gave only the cyclised products 11 and ~ under the 
conditions used. Furthermore, the pure enantiomers of 8 gave enantiomerica11y pure 
products, the stereochemistry of which showed that the reaction proceeds with 
complete inversion of configuration. These results confirmed that the reaction 
overall involves back-side attack. 
Scheme 9 
Me 
I 
~6~ I 0 / Br 
12 
9. 
~ E3u:JSnD Vo~s, 
v Me 
endo \ / 
subst itution r exo ring closure 
co~ / S + 
\\ 
o 
They do not however. define the concertedness of the process. Is the new 
bond formed as the existing bond breaks , or does prior formation of the new bond 
lead to formation of an intermediate which then affords the product in a later bond-
fission step? If the reaction follows a concerted mechanism , the reaction rate will be 
expected to be affected both by the energy of the bond being formed and by that of 
the bond undergoing fission . The same would be true for the two step mechanism if 
the first step was reversible . There is however, no experimental evidence for such 
reversibility and, at least in the case of aryl systems, it must be regarded as being 
highly improbable , because of the relatively high energy of the aryl-S bond. If the 
reaction follows a two step mechanism in which the first step is irreversible, the 
observed reaction rate would be governed mainly by the nature of the bond being 
formed. Furthermore, it is noteworthy that in this case it is also necessary to accept 
that the electronic configuration of the intermediate is such as to confine the 
subsequent fission process to the bond opposite to that which has just been formed. 
10. 
Scheme 10 
Is.., [ (\ ] . 
-----
R ,· · · S· · · R2 ~ (\ r'\ 
• R, S-R2 + R • R,--S 2 
~ .------ (\ / ~ R,-S-R2 
• 
A choice between the various mechanistic possibilities can be made by 
studying systems such as ~ in which R j is kept constant while ~ is varied. If a two 
step mechanism is involved there will be little variation in the rate constant, but if 
the reaction proceeds by a concened displacement the rate constant should vary with 
the strength of the s-~ bond. It was decided, therefore , to study the influence of 
the leaving group on the rate of intramolecular homolytic displacement at sulphur 
centres by aryl radicals. Methyl , !-butyl and benzyl groups were chosen as the 
leaving groups since they are considerably different from each other with respect to 
the strength of the S-C bond and the stabilities of the radicals produced, methyl < ! -
butyl < benzyl. 37 
At the time this study was initiated, no repons on detailed kinetic studies 
of intramolecular homolytic displacement at sulphur centres were available. Later 
Franz et al38 reported kinetic studies on such displacement reactions at sulphenyl 
centres by alkyl radicals. From their results they concluded that the Arrhenius 
parameters for these displacement reactions are consistent with a product-like 
transition state. 
1.2. Elucidation of the biosynthetic pathway of penicillin - a brief history. 
For many years the chemical and biological details of the biosynthesis of 
penicillin and related l3-lactam antibiotics have remained obscure in spite of 
continuing interest due to the importance of their therapeutic effectiveness. Although 
l1. 
the extensive studies carried out by various workers have provided some insight into 
this biological process. the exact biosynthetic pathway as yet has not been 
unambiguously elucidated. 
It has been shown that the basic building blocks of isopenicillin N J.2 are 
.!:--valine, .!:--cysteine and ,!:--ct-aminoadipic acid. By the use of cell free extracts of the 
enzyme system and isotopically labelled o-(.!:--a.-aminoadipoyl)-.!:--cysteinyl-O-valine 
(LLD-ACV) ~ along with other observations. it was also shown that this tripeptide 
in its thiol form is in fact the precursor to isopenicillin N. 39-42 Later studies 
demonstrated that the carbon skeleton of LLO-ACV remained intact during the 
conversion and that the stereochemistry was retained. 43-45 It was also discovered 
that is 0 penicillin N synthetase (IPNS), catalysing the cyclisation of LLO-ACV, 
required molecular oxygen, Fe2 + , a reducing agent (such as ascorbate) and a thiol 
group (such as that of OTI) for high activity.46 
Scheme 11 
"' ~H :tH 
s ~,HN CO:!H 
w ... N ~ 0 
o 
H cO:!H 
\t H s: y, 
:::)=Cco,H 
HN 0 
H CO:!H 
.l.Z 
These results together with other observations led Baldwin et al to 
conclude that the formation of isopenicillin from ACV formally proceeds by way of 
the simplest process, ie, the removal of only those hydrogens required to allow the 
ring formation . Following this conclusion, attempts were made to discover whether 
the formation of the two new bonds is concerted or stepwise. If it was a stepwise 
process , the two possible intennediates would be 18 and 19 . Hence, Baldwin et al 
investigated the activity of IPNS on each of these intennediates separately. This 
study47 .48 was not successful due to the difficulties in the synthesis of i2 . 
Scheme 12 ~' ." H ~:C~H 
r;-N H 0 
o 
12 . 
"' ~H ~XH 
S "r-(N COzH 
\t H s: y: :::}=CC~H 
W .... N ;. 0 
o 
H~ / 
HS \H g}<COzH H"" N H"" 
HN 0 
H cOzH 
II 
HN 0 
COzH 
11 
They then turned their attention to deuterium labelling studies. 49-51 
From the results of the incubation studies of deuterated substrates 20 and 21 as well 
- -
as the double site labelled species 22 they concluded that; 
1) the reaction of l.§ to..!.2 is a stepwise and not a concerted process, 
2) the first breakage of C-H bond occurs at the 3-cysteinyl position, 
3) an intermediate is formed by this event which remains enzyme bound. before 
cyclising to isopenicillin . Initially it was thought that the intermediate-enzyme 
linkage was a S-S bond . 
Figure I 
H'" \ HS~D . I: 
'>---\NH C~H 
AA-HN 0 
D'" \ HS~H • I: 
'>---\NH C~H 
AA-HN 0 
~ 
AA L-S- (a -aminoad ipoy l) 
Scheme 13 
retent ion 
invers ion 
AA - L-S- (a-aminoad lpoyl) 
D'" \ HS~D . I: 
'>---\NH C~H 
AA -H N 0 
\tJ1 
s:y· .. , 
H, .. t-~ 
H"'M 
AA-HN 0 
They then studied the stereochemistry of C-S bond formation of the 
penam product (ex . .!2). It was observed that both 3R @ ) and 3S ~) 
13. 
monodeuterated tripeptides yielded the same monodeuterated penam 25, with overall 
retention and inversion in C-S bond formation respectively .52 (see Scheme 13) From 
14. 
the results of this study they proposed that by the removal of the C-3 H a free carbon 
radical is produced at C-3 . Rapid equilibration by rotation around C2-C3 followed 
by slower ring closure provides the same (3-methyl norpenicillin 25 from both 
stereoisomers 23 and 24. Such a radical mechanism for CoS bond fo rmation in this 
biosynthesis had been proposed by them earlier. 53 
They employed the cyclopropylcarbinyl radical probe to funher 
understand this process. 54 When substrate 26 was incubated with IPNS under the 
usual conditions they observed two products, 28 and 27 in a ratio of > 3 : 1. Yet, 
when substrate 29 was incubated with the enzyme under similar conditions, only 
compound 30 was detected. From these results they concluded that the formation of 
the major bicyclic products 28 and 30 in the enzymic reaction is in accord with the 
intermediacy , during SoC bond formation, of cyclopropyl carbinyl radicals 32, 33 
and 34 , 35 respectively, confirming the earlier proposal of the formation of a free 
radical at C-3. The absence of the cepham l! as a product of the incubation of 
substrate 29 with IPNS implies that the rate of SoC bond formation in radical 34 is 
much slower than that of the cyclopropyl carbinyl ring opening. Therefore, the 
radical exists mainly as 35 and gives rise to substrate 30. On the other hand the 
formation of at least a small quantity of 27 as a product of the incubation of 
substrate 26, implies that the rate of SoC bond formation in radical 32, though 
slower, is comparable to that of the cyclopropyl carbinyl ring opening, 108 s·l 
(25°C). Therefore a fraction of radical 32 cyclises to compound 27 before the 
cyclopropyl carbinyl ring opens to give radical 33. These results indicate that the 
formation of the SoC bond of the thiazolidine ring in the biosynthesis of penicillin is 
a fast process (- 107 s-l) . 55 By this stage Baldwin et al suggested that the S-enzyme 
linkages in systems similar to 32 and 33 may be S-Fe bonds. Recently they reported 
further evidence for such a linkage.56.57 
Scheme 14 
It · c~ 
NH 
HS~O 
FJ.JH 'H 
IPNS 
3Zf ... Co,H 
NH 
HS~O 
FJ.JH 'H 
FJ.JH 0 
(enzymel-; ~"co,H 
A 
FJ.JH 0 
15, 
+ 
S~'Co,H )=( 
FJ.JH 0 
II 
(enzymel-Os;(co,H 
PNH 0 
16 . 
Work by Beckwith and Best58 on alkyl radical cyclisations of model 13-
and y-Iactam compounds indicated that these processes are relatively slow. Work on 
similar radical cyclisations in simpler systems. which had two methyl groups attached 
to the carbon next to the radical centre was also studied by them to investigate the 
effect of the gem dimethyl group, also known as the Thorp-Ingold effect, on the rate 
of cyclisation.59 These studies indicated that the rate of cyclisation of radical 36 is 
- 105 s-1. which is slower than the rate calculated by Baldwin et al , for the 
cyclisation of a model penicillin system . 
Scheme 15 
PhCH{~ 
~ 
+ 
These results led us to believe that the S-enzyme link in the enzyme 
bound t3-lactam intennediate has to be weaker than a sulphide S-C linkage. Since 
the S-S bonds of disulphides and the S-CO bonds of thioesters are weaker than 
sulphide S-C bonds , it could well be that the S-enzyme linkage of 38 is one of these 
two types. The fact that such disulphide and thioester linkages are commonly 
observed in protein chemistry further supported this argument. 
Figure 2 
H )enzyme) 
RyN\-{S / 
o )-~~ 
o : 
GO..!H 
Encouraged by the fact that the kinetic aspects of such intramolecular 
homolytic displacement reactions at the S-S bond in disulphides and at the sulphur 
centre in thioesters have not been studied in detail before, we undertook a kinetic 
study of some model substrates. We were further encouraged by the fact that the 
reaction of radicals or ions with divalent sulphur. and panicularly with the sulphur 
atom of a disulphide bond is of great importance in biochemistry . 28 For example. 
the S-S bond is involved in determining the tertiary structure of many proteins . In 
addition the importance of thiols. thiyl radicals and disulphides in radiation 
protection is well established. Since radiation accelerates aging , and radiolytic 
damage to mammalian cells is often postulated to involve mutagenic damage to 
DNA, it is important that more properties of these compounds are known. 
1.3. Vinyl radical cyclisations - a brief history. 
17. 
Until the late nineteen seventies , little was known about vinyl radical 
cyclisations . In 1970 Ohloff et al60a reported the formation of an unexpected 
product , cyclopentenol 41 along with the usual Wharton product60b when the 
conjugated epoxide 39 was treated with hydrazine in methanol. TheY' suggested that 
the cyclisation might involve the addition of a vinyl carbanion t~ the double bond. 
In 1977 Stork et al61 reported more examples of such cyclisations in similar epoxy 
compounds and proposed that the two possible products occur from a common 
intermediate, vinyldiazene 42. They also suggested that the cyclised product may be 
formed either by the concerted collapse of the vinyldiazene or by the decomposition 
of the diazene to give a vinyl radical 44 which then adds to the double bond. 
Scheme 16 
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Stork et al also studied simpler systems in which the radicals were 
generated by the classical reaction of vinyl halides with stannane.62 These examples 
demonstrated that the fo rmation of the five or six membered rings by the 
intramolecular addition of vinyl radicals to suitably placed double bonds is a rather 
general reaction (Scheme 17) . Since then, there have been many reports on the 
synthetic utility63-67 and mechanism66-69 of vinyl radical addition to double bonds. 
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Extensive kinetic and mechanistic studies carried out on suitably 
constituted alkenyl and alkenylaryl radicals have proved that both of these types of 
radicals undergo highly regioselective ring closure in the exo mode to yield the 
smaller possible ring except in cases where the endo ring closure giving rise to the 
larger possible ring is favoured by steric influences. In contrast to alkenyl or 
alkenylaryl radicals, vinyl radical cyclisations often afford substantial amounts of 
19. 
products due to the endo ring closure, yielding the larger possible ring. 62a ,67 
Detailed kinetic studies carried out by Beckwith68a and Stork68b separately , have 
shown that while vinyl radical s also prefer regioselective ring closure in the exo 
mode, the products formed by such cyclisations can undergo further rearrangement 
to yield the en do product (Scheme 18).68a The early observations of substantial 
amounts of products containing the larger possible ring are thus clarified. 
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In addition to the usual advantages of radical reactions, such as the 
compatibility with unprotected functional groups , for example the free hydroxyl of 
60 (Scheme 19a), and the relative insensitivity to steric hinderence that allows the 
formation of bonds resulting in quaternary centres, vinyl radical cyclisations have the 
chemically valuable feature that the resulting ring has a double bond in a 
predetermined position. This can then serve as the site for further synthetic 
operations. Another advantage of such systems is the synthetic convenience of the 
precursors. Since the rate of inversion of most vinyl radicals is considerably greater 
than most of the known rates of cyclisations.70 either isomer of the required vinyl 
halide precursor is satisfactory . This is illustrated by the fact that Stork et al62a 
obtained the cyclic product 63 in the same yield (75 %) from the two separate 
geometric isomers 62 and 64. (Scheme 19b). 
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Zanardi et al65 reported the observation of an intramolecular homolytic 
displacement at a sulphur centre by vinyl radicals . The products obtained on the 
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treatment of tetrafluroborate 65 (5 mmol) with phenylacetylene (25 mmol) in acetone 
in the presence of freshly prepared copper powder or in deoxygenated dimethyl 
sulphoxide containing FeSO 4 were the cyclised product 70, hexa-I ,5-diene 71 and 
phenyl hex-5-enyl sulphide 68. None of 69 was observed (Scheme 20). These 
results imply that although some of the aryl radicals formed could be trapped by the 
solvent to yield 68 before they undergo intermolecular addition to the triple bond, 
the intramolecular homolytic displacement at the sulphur centre by the vinyl radical 
formed is so rapid that none of it gets trapped to yield 69 . 
With the exception of the above work, hydrogen atom transfer from 
stannane and a few examples of 1,5J1a or 1,6-hydrogen7Ib atom transfer processes , 
no detailed kinetic studies of displacement reactions by vinyl radicals have been 
reported. We decided therefore to focus our attention on intramolecular homolytic 
displacement reactions at sulphur centres by vinyl radicals. Since we are also 
interested in possible radical routes to 13- and y-lactam compounds , we chose some 
such compounds for this work. The presence of the double bond , which could be 
used for further synthetic manipulations , makes the synthetic application of such 
systems even more attractive. 
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1.4. Approaches to the synthesis of model I3-lactam compounds utilising radical 
chemistry . 
Although the intimate mechanistic and kinetic details of many radical 
reactions were unknown , it was believed until recently that such reactions lacked 
regioselectivity and stereoselectivity. The work of Julia,72 Walling ,3,73 
Beckwith ,8-1O,12,13 Ingold3b,7b ,13,74 and others ,75-76 has largely dispelled the belief 
that these reactions proceed with little or no control and has shown that they often 
illustrate high regioselectivity and stereoselectivity. As a result , radical reactions 
have gained increasing popularity among synthetic chemists and a number of 
syntheses involving them have appeared in the literature,77-78 but most of these 
procedures utilise radical addition reactions , and only a few involve radical 
displacement reactions . 
22. 
The high susceptibility of ~-lactam antibiotics to nucleophilic reagents led 
chemists to develop synthetic routes based on the completion of the molecular 
backbone of fused bicyclic ~-lactams by free radical rather than by polar reactions. 79 
The strategy involved, is the synthesis of non-fused 13-lactam radical precursors which 
yield radicals 0 one of the types 73, 74 or 75 (as shown in Scheme 21) followed by 
completion of the bicyclic system through free radical annelation. 
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An example of type 73 is the work by Beckwith and Boate80 on the 
formation of fused bi- and tri -cyclic t3-lactams by radical ring closure. This involves 
the formation of the radical at C4 of the t3 -lactam ring which is then allowed to add 
on to a suitably constituted unsaturated carbon side chain (Scheme 22). 
Reactions involving compounds of type 74 were studied extensively by 
Bachi et al 81 as well as Knight and Parsons. 66 In these systems either alkyl79 or 
vi nyl82 radicals are generated in the carbon chain attached to the N atom of the ring. 
These radicals are allowed to cyclise to a suitably constituted unsaturated carbon side 
chain attached to the C4 of the t3-lactam ring. The details of these studies are 
outlined in reviews by Bachi79 and Parsons .82 An example for such a system is the 
following work by Bachi. 
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Type 75 involves radical substitution reaction at the sulphur atom. Such 
SH2 reactions at sulphur centres by aryl radicals were studied by Beckwith and 
Boate. 80 They observed that the formation of 4 ,6,6 t3-lactam ring systems was 
favoured over the formation of 4 ,5 ,6 systems as shown in Scheme 24. Similar 
reactions of alkyl radical cyclisations were carried out by Beckwith and Best ,58 but 
these reactions were observed to be too slow to be of any synthetic value. A study 
on the vinyl radical cyclisations of analogous compounds are described in Chapter 3 . 
24 . 
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CHAPTER 1 
KINETIC AND MECHANISTIC STUDIES OF INTRAlVIOLECULAR 
HOMOL YTIC DISPLACEMENT AT SULPHENYL AND SULPHINYL 
CENTRES IN SOME THIOETHERS AND SULPHOXIDES. 
1.1. Introduction. 
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As mentioned in the Introduction , the concertedness of SH2 reactions at 
sulphenyl and sulphinyl centres was investigated by examining the influence of the 
leaving group on the reaction rate . The details of the present studies on the 
sulphenyl and sulphinyl systems are outlined in sections 2.2 and 2.3 respectively. 
Before work on sulphinyl compounds was initiated, an attempt was made to compare 
the rates of displacement at these two centres , hence an internal competition of these 
two types of displacement reactions was undertaken. Some of the interesting results 
obtained from this work are described in section 1.4. The methods of preparation of 
the radical precursors and authentic samples are outlined in section 1.6 of this 
chapter. 
1.2. Intramolecular Homolytic Displacement at Sulphenyl Centres. 
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The details of the determination of Arrhenius parameters and relative rate 
constants for the intramolecular homolytic displacement at the divalent sulphur centre 
in 2-bromo-l-{2-[( 1, 1-dimethylethyl)thio ]ethyl} benzene 93 and 2-bromo-l-[2-
(benzylthio)ethyl]benzene 94 are described in this section. As stated earlier, the aim 
of this study was to examine the influence, if any , of the leaving group on the rate of 
displacement. with the expectation that the results would give an insight into the 
actual mechanism of such displacement reactions. 
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The treatment of 93 with tri-~-butyltin hydride (different concentrations , 
1.2 eq) in degassed benzene at 80 0 C in the presence of a trace amount of 
azobisisobutyronitrile (AIBN) as initiator yielded the cyclised product ~ together 
with the reduced thioether 101 (Scheme 25). As expected on the basis of early 
work.34,36.83 the product due to the endocyclic pathway 99 was not observed under 
any of these conditions. The products were identified by gas chromatographic 
comparison with authentic samples and the yields calculated by this method indicated 
high overall yields ( > 90 %) for this reaction. The product ratio was found to be 
dependent on the concentration of stannane. More cyclised compound was formed at 
lower concentrations of stannane. This observation can be qualitatively explained in 
terms of the reaction mechanism. 84 The initial radical formed 95 has two available 
competing pathways; a unimolecular pathway to yield the cyclised product (path A) 
or a bimolecular pathway to yield the reduced product (path B). As the 
concentration of the stannane is increased, the formation of the reduced product via 
the bimolecular pathway is favoured. 
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Deuterium labelling studies were carried out on 93 to examine the 
possible occurance of any hydrogen atom transfer reactions in 95. The treatment of 
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93 with tri-.!!-butyltin deuteride (0 .9 M, 1.2 eq) and a trace amount of AIBN in 
benzene at 80 °C yielded ~ and the directly reduced thioether 103. None of 105 
was observed in the reaction mixture. Typically . the presence or the absence of 
these deuterated compounds was detennined by the presence or absence of 
resonances in the corresponding regions of the 2H NMR spectrum. The deuterium 
NMR spectra were run either on the crude reaction mixture or on the purified 
reduced product. In this system , only a resonance at - 7 ppm corresponding to 103 
was observed in a 2H NMR spectrum of a purified sample of the reduced compound. 
The absence of a resonance at - 1 ppm corresponding to the protons of the .!-butyl 
group shows the absence of 105 in the reaction mixture indicating that 1, 7-hydrogen 
atom transfer in 95 is unfavourable (Scheme 26). The above result is not surprising , 
as the 1,7 -hydrogen atom transfer in radical 95 must go through an unfavourable 
eight membered cyclic transition structure.75a,83 ,85 
Scheme 26 
Bu3Sn. W-ClCH,), ~SnD (X)-C{CH'), 
~ ill f 1,7H 
/ transfer 
W-r{CH'), Bu3SnD W-r{CH'), 
~ C~· ~ ~D 
~ ill 
Kinetic studies of the cyclisation of radical 95 were carried out under 
second order conditions with 0.95 equivalents of tri-.!!-butyltin hydride in benzene at 
various temperatures. In a typical study, separate stock solutions (3-5) of different 
concentrations of stannane and the radical precursor in dry benzene are prepared. 
One could also have a suitable internal standard in these solutions. A known volume 
(_ 20 ~ L) of each of these solutions is transferred to clean glass ampoules and a 
suitable initiator86 (AIBN for temperatures < 100 ° C, and di-.!-butylperoxide , 
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BOOB, for temperatures > 100 0 C) added. These ampoules are then degassed by a 
freeze thaw procedure. sealed under vacuum and placed in constant temperature oil 
baths of various temperatures (50 - 100 0 C) for the required period of time. For 
temperatures lower than 50 0 C, a water-ethanol bath is used . Under these conditions 
the reactions are initiated by ultra-violet light. Once the reactions are complete, the 
ampoules are cut open and the product mixtures analysed either by GC or by high 
perfonnance liquid chromatography (hplc). The test solutions have to be further 
purified (to remove the excess stannane) if hplc techniques are employed. This is 
generally conducted by passing the concentrated test solutions either through 
"WATERS SEP-PAK silica cartridges" or through short silica columns. 
The kinetic data for 93 are given in Table I (Appendix 1). Steady state 
kinetic analysis of the mechanism of the reaction gives the following relationship 
between the rate constant for the cyclisation, ~, and that for the hydrogen atom 
transfer from stannane, ~H ; 
[C] = ~ / ~H In { ( [Sn]o + ~C / ~H ) / ( [Snh + ~ / ~H ) } 
in which [C] is the final concentration of the cyclised compound, [Sn]o and [Snh are 
the initial and final concentrations of stannane respectively. The above equation is 
solved by the aid of a computer programme87 which gives values for ~ / ~H" 
Plotting the values of log ~ / ~H) against 1 / T , using a computer programme87 
one can obtain the Arrhenius parameters for the cyclisation process. Those for 93 
are as follows ; 
log ~ / ~H) = (1.3 ± 0.1) - (2.46 ± 0. 16)/9 
in which 9 is equal to 2.303RT, (R = the universal gas constant , T = the 
temperature in kelvin). 
The treatment of the benzyl substituted system 94 with tri-E-butyltin 
hydride (various concentrations, L.2 eq) once again yielded the cyclised product ~ 
and the directly reduced product 102 in various ratios. As expected, the ratio of the 
cyclised product to the reduced product was found to be dependent on the 
concentration of stannane. Product analysis by gas chromatography indicated high 
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overall yields ( > 90 %) for these reactions of 94 with stannane. As in the case of 93, 
the product due to the endo substitution was not observed (Scheme 25). 
Deuterium labellin g work carri ed out on 94 at 75 0 C in the usual manner 
indicated deuterium incorporation mainly at the ori ginal radical site yielding the 
direct! y reduced thioether 106. A small percentage (3.2 %) of the product arising 
from 1, 6-hydrogen atom transfer 108 was also detected by deuterium NMR 
spectroscopy . As both the cyclisation and the 1,6-hydrogen atom transfer are 
unimolecular processes , the ratio of these two products at a given temperature will be 
a constant and will not depend on the concentration of stannane used . Hence , the 
ratio - 19 for ~ / ~H ' at 80 0 C implies that the rate of the 1. 6 hydrogen atom 
transfer process is about twenty times slower than the rate of cyclisation . 
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Kinetic studies on 94 were conducted under second order conditions , 
(only 1.2 equivalents of stannane), in the usual manner. Since the rate of the 1,6-
hydrogen atom transfer process is about twenty times slower than the rate of 
cyclisation , this was not taken into account in the rate calculations. The kinetic data 
are given in Table 2 (Appendix 1). The activation parameters for 94 fit the 
Arrhenius equation as indicated; 
log lke / ~H) = 0.81 ± 0.01 (1.41 ± 0 .14)/8 
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1.3. Intramolecular Homolytic Displacement at Sulphinyl Centres. 
As stated earlier , in an attempt to understand the mechanism of 
intramolecular homolytic displacement at sulphur centres better. a study of the effect 
of the leaving group on the rate of displacement at sulphinyl centres was undertaken . 
The radical precursors 2-bromo-l- {2-[ (I, I-dimethylethyl)sulphenyl]benzene} 109 and 
2-bromo-I-[2-(benzylsulphinyl)ethyl]benzene 110 were chosen for this work. The 
kinetic calculations for the sulphinyJ compounds proved to be more difficult to 
perform. A major reason for this was the instability of sulphinyl compounds under 
gas chromatographic conditions. Thus it was necessary to carry out the analysis for 
the kinetic work of the sulphinyJ compounds by using high performance liquid 
chromatography. 
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The treatment of 109 with tri-.!!-butyltin hydride (0.23 M, I eq) in 
benzene at 80 0 C yielded three products which were identified as the cyclised 
products 11, ~ and the reduced product 115. The product due to the endo 
substitution was not observed. Since the sulphinyl compounds are unstable under the 
GC conditions used , the usual method of identification of compounds, the 
comparison of GC retention times with those of authentic samples could not be 
employed. Hence , the products were identified by the comparison of their hplc 
retention times. 
The formation of dihydrobenzothiophene 14 is probably by an indirect 
reduction of the cyclised product as shown in Scheme 28. The attack of tin radicals 
on the oxygen atom of the cyclic sulphinyl compound would be expected to afford 
116, which would then undergo an <x-fission to give ~ and stannyloxyl radicals 11 7. 
None of the compounds due to such reduction of the radical precursor or the reduced 
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product were observed. Observations of such stannyl attack on sulphinyl centres 
have been reported before83 .88 and are known 88 to be specific to sulphinyl groups in 
conjugation with an aryl system or a double bond. This explains the non-occurrence 
of such stannyl attack on the radical precursor 109 and the reduced product 115 . 
The formation of ~ (10 %) under second order conditions (1 eq 
stannane), indicated that the rate of attack of stannyl radicals on the oxygen atom of 
the cyclic sulphinyl compound is comparable to that of its attack on the bromine 
atom. Since it is well accepted89 that tin radicals have a higher affinity for iodine 
than for bromine, one would expect to observe little , if any of 14 as a product from 
the reaction of.l.!..! (Fig 4) with 0.95 equivalents of stannane. However all attempts 
made to prepare .l.!..! were unsuccessful. 
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Since this secondary reaction consumes a portion of the stannane used for 
the reaction, second order conditions could not be employed for the kinetic study of 
109. As the rate of attack of tin radicals on the oxygen of 11 proves to be fast, one 
could argue that under pseudo-first order conditions (10 eq. of stannane), all of the 
cyclic sulphinyl compound would be converted to the cyclic sulphide. Accordingly , 
the treatment of 109 with tri-~-butyltin hydride (0.25 M, 10 eq) under the usual 
conditions yielded the expected products ~ and 115 and an unexpected product , 
namely the open chain sulphonyl compound 118 as determined by the comparison 
with an authentic sample. 
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Since ~ arises from the se~ondary reduction of the cyclised product 11, 
the yield of ~ could be considered to be equivalent to the yield of 11. Although a 
mechanism for the formation of the sulphonyl compound 118 has been proposed by 
Beckwith and Boate83 the exact route to its formation is unknown. (path A or B, 
Scheme 30). According to their proposal, the stannyloxyl radicals formed in the 
indirect reduction of the cyclic sulphoxide to the cyclic sulphide would attack the 
sulphur atom of either the radical precursor (path A), or the reduced sulphoxide 
(path B), to give a sulphur centered radical, which would then undergo a /3-scission 
to yield the sulphone 124 or 118. The sulphur centre of the cyclic sulphoxide is 
probably too hindered for the attack by the stannyloxy radicals. The further 
reduction of the bromosulphone 124 by stannane would yield 118. If the sulphone 
118 was formed via the reduced compound 115 (path B), the total yield of 118 and 
115 could be considered as the yield of the reduced product. In contrast , if it is 
formed via the bromosulphone 124 , the ratio of cyclised product to the reduced 
product will not be affected by it. 
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Thus one had to determine the exact route to the sui phone 118. If the 
sulphone 118 was formed via the bromosulphone, the latter should be observed first 
in the reaction mixture. In contrast , if 118 is formed by the oxidation of the reduced 
compound, none of the bromosulphone would be present at any time during the 
course of the reaction. Thus , if the progress of the reaction of 109 with tri-Q-butyltin 
hydride (0.25 M, 10 eg.) in benzene at 80°C (AIBN initiator) , was followed by gas 
chromatography one should be able to determine the exact pathway leading to the 
sulphone. Accordingly such an experiment was conducted. The products were 
identified by the comparison of their retention times with those of authentic samples. 
Initially , except for the tri-Q-butyltin bromide and the excess tri-Q-butyltin hydride, 
no other reaction products could be observed. Since the sulphoxides were found to 
be unstable under the gas chromatography conditions used , whereas the sulphides 
and the sui phones were stable , this indicates that at this stage of the reaction only 
sulphoxides were present in the reaction mixture . Gradually increasing amounts of 
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~ were observed. indicating that the stannyl attack on the cyclic sulphoxide was 
taking place. Much later. small amounts of ~ were observed. Since it appeared 
only towards the end of the reaction. when most of the staning material was 
consumed and since the bromosulphone was not observed at any time during the 
course of the reaction , one could safely conclude that the fonnation of the sui phone 
118 is via the reduced compound 115 (path B, Scheme 30). 
Deuterium labelling studies carried out on 109 with tri-butyltin deuteride 
(1.2 eq) under the usual conditions , indicated deuterium incorporation only at the 
original radical site. None of the 1, 7-hydrogen atom transfer compound was 
detected by deuterium NMR spectroscopy. 
The kinetic study of 109 was perfonned under pseudo first order 
conditions as outlined earlier. The product analysis was carried out by hplc , using a 
UV detector. Sample preparation and other details of the product analysis were 
carried out as state? earlier. The kinetic data is given in Table 3 (Appendix 1) . The 
steady state analysis of the reaction mechanism gives the following relationship 
between , ~ and ~H (Appendix 2); 
C / U ~ / ~H x [SnH] 
in which C / U is the ratio of the cyclised product and the reduced product and 
[SnH] is the concentration of stannane. The plot of log <&: / ~H) vs 1 / T , gives the 
Arrhenius parameters for the cyclisation process. For 109, they are as follows; 
= 1.60 ± 0.19 (3.66 ± 0.29)/9 
The treatment of the benzyl substituted sulphoxide, 110 with tri-E-butyltin 
hydride (0.4 M, 1.2 eq) under the usual conditions yielded~ , the cyclised product 
11 and the reduced product 121. Once again the product due to the endo 
substitution was not observed. As stated earlier, a fraction of the stannane employed 
would be consumed for the conversion of 13 to 14. Hence, second order conditions 
could not be employed in this kinetic study. 
Treatment of 110 with tri -E-butyltin hydride (0.4 M, 10 eq. ) under similar 
conditions yielded~, the reduced compound 121 and the sui phone 126. The 
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progress of the above reaction was followed by gas chromatography. As in the case 
of 109 none of the bromosulphone L25 was observed at any stage during the course 
of the reaction . As before this may be an indication that the route to 126 is through 
the reduced product ill rather than through the bromosulphone 125 . Hence, a 
kinetic study of 110 was carried out under pseudo first order conditions as outlined 
above. 
Deuterium labelling studies carried out on l10 using tin deuteride (0.4 M) 
at 80 0 C revealed deuterium incorporation at the original radical site and at the 
benzylic position, due to a 1,6-hydrogen atom transfer process , in the ratio of about 
10 : 1. Under these conditions the ratio of cyclised product to the 1,6-hydrogen 
transfer product is lO .7 : 1, indicating that the 1,6-hydrogen transfer process is 
comparatively fast. Hence deuterium labelling studies were carried out at different 
temperatures under pseudo first order conditions , and these results were incorporated 
into the kinetic results carried out under the uS4al conditions to derive Arrhenius 
parameters for the cyclisation process as well as the 1,6-hydrogen atom transfer 
process. The kinetic data are shown in Table 4 (Appendix 1). The activation 
parameters fit the Arrhenius equation as indicated below; 
= 1.17 ± 0.35 (2.50 ± 0.53)/9 
log (!.l,6 / ~H) = -0.04 ± 0.06 (2 .21 ± 0.09)/9 
1.4. A Competition of Intramolecular Homolytic Displacement at Sulphenyl and 
Sulphinyl Centres. 
As stated in the introduction of this chapter, the aim of this study was to 
compare the rates of intramolecular homolytic displacement at suI phenyl and 
sulphinyl centres, and as described above this was achieved by conventional kinetic 
experiments involving appropriate substrates. Another possible approach might be to 
examine a system allowing internal competition between substitution at the two 
groups. Unfortunately , as described below. these experiments did not afford the 
desired information but other interesting aspects of the chemistry of sulphur 
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compounds were revealed . Radical 128 was chosen fo r this work as the two 
forementioned pathways are internal competing routes available to it. Since all other 
reaction conditions applicable would be identical, the yields of the two cyclised 
products 129 and 13 1, should depend mainly on the rates of the two displacement 
reactions. 
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Treatment of the radical precursor 127 with stannane (0.03 M, 1.2 eq) in 
benzene at 80 ° C for 16 h yielded the elimination product 132 as the major product. 
Some radical precursor was also isolated. This was an unexpected result , since 
neither 109 nor 110 yielded detectable amounts of such elimination products , even at 
higher temperatures (100 0C) . The presence of the additional thio group seemed to 
promote this elimination. In order to investigate whether stannane has any effect on 
this elimination process , a dilute solution of 127 in benzene was heated under reflux 
for 16 h. The major product isolated was 132 along with some of the starting 
material , proving it to be a thermal process rather than a radical promoted process. 
Scheme 32 
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One diastereoisomer of the starting material was observed to undergo the 
elimination faster than the other at lower temperatures (around 80 0 C) but this 
selectivity was lost at higher temperatures (100 0 C). Also the fonnation of the trans 
isomer was favoured over that of the cis isomer. These results could be explained by 
the mechanism of such elimination reactions in sulphinyl compounds. 90 .91 
For comp.arison with the above sulphoxide system 127, the corresponding 
bismethylthio compound 135 was treated with stannane under similar conditions. 
This yielded the cyclised compound 137 as the major product, along with some of 
the reduced product 138, benzothiophene 139 and starting material, as identified by 
the comparison of their GC retention times with those of authentic samples (Scheme 
33). Benzothiophene was probably formed by the elimination of methane thiol from 
the cyclised product, a process favoured by the conjugation of the double bond in the 
product with the aromatic ring . 
Under pseudo fust order conditions, 135 yielded the cydised product 137, 
li, benzothiophene. the reduced compound 138 and 142. Fonnation of li and 142 
may be by the funher reduction of 137 and 138 by stannane as outlined in Scheme 
33. This is favoured as both radicals 140 and 141 are stabilised by the neighbouring 
sulphur atom.92 Under second order conditions no detectable amounts of 142 or li 
were observed. This could be rationalised in terms of the rates of attack of stannyl 
radicals at bromine and sulphur. Since tin radicals are known to have a higher 
affinity to bromine in comparison to sulphur, 89 they would attack bromine first. 
Hence, the formation of benzothiophene under these conditions is probably by the 
elimination of methane thiol from 137 rather than by a radical pathway. In contrast , 
under pseudo first order conditions, the excess reagents can attack the exocyclic thio 
group of 137 or one of the two thio groups of 138 to yield the corresponding 
products li and 142. 
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It is interesting to note that in neither this system nor in any of the earlier 
systems, 92 ,83 93 and 94 , were any detectable amounts of phenylethane observed. 
This indicates that even in the presence of an excess of stannane, the sulphur atoms 
of 142, 101, and 102 are not attacked. It is known that the reaction of stannyl 
radicals with simple sulphides is comparatively slow. 89 
The sulphoxide 127 was observed to be stable at temperatures ~ 50 0 C. 
Treatment of 127 with a slight excess of tri-.!!-butyltin hydride (AlBN initiator) in 
benzene at an initial concentration of 0.03 M, at 50 oC, yielded only the unchanged 
starting material . Addition of more AIBN afforded small quantities of 129, as 
identified by the comparison of TLC Rr values with those of authentic samples. This 
again was surprising as the sulphide 135 and the sulphoxide ~36 were observed to 
undergo rapid cyclisations under similar conditions. The iodide 143 was found to be 
only slightly more reactive than the bromide 127 towards stannane under similar 
conditions . Similar to the bromide 127, the iodide 143 was also observed to be 
stable at 50 0 C. At higher temperatures the iodide too underwent elimination to 
yield 144 . 
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A possible cause for this unusual behaviour may be the presence of a 
radical scavenger or a radical inhibitor in the reaction mixture. Yet another proposal 
was a possible complex formation between the stannyl radicals and the two sulphur 
centres. If this were so , the oxygen atom seems to play an important role , since 135 
yields the expected cyclised and reduced products when allowed to react with 
stannane under similar conditions . When a mixture of 135 and 143 in benzene was 
treated with stannane (0.03 M, 10 eq) at 80 °C, only about 5 % of 135 reacted with 
stannane in the usual manner. The two radical precursors were recovered in almost 
quantitative yields. Treatment of 135 with stannan'e in DMSO under these 
conditions , gave the expected cyclised and the reduced compound. These two 
experimental results rule out a possible complex formation between the tin radical 
and the two sulphur centres . Since stannane was present in an excess in the first 
experiment , cyclisation of 135 should not have been affected by a complex formation 
between the stannyl radical and 143. The result from the second experiment may 
not be as conclusive , since the two sulphur centres would have to be contributed by 
two different molecules, one from 135 and the other from DMSO, a complex 
formation would not be as favoured as in the case of 143. All these results favour 
the first proposal , ie. the presence of a radical scavenger or a radical inhibitor. 
At the time this study was carried out , Beckwith and Zimmermann ,93a 
observed a similar chain propagation problem in a sulphoxide compound (Scheme 
35). By analogy , it was thought that the trapping of stannyl radicals by small 
amounts of methane sulphenic acid present in the mixture. formed by a similar 
elimination process may be the cause for such short chain lengths. There are 
literature precedents for sulphenic acids being good radical scavengers . 93b 
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One way to overcome this problem would be to employ a radical initiator 
which is more efficient than AIBN. Yet the treatment of 143 with stannane (0 .03 M, 
10 eq) in benzene at 50 0 C using t-butyl hyponitrite as the initiator, still gave a very 
slow reaction. Two days of heating with frequent addition of the initiator, resulted 
in a complex product mixture. The major products isolated were benzothiophene , 
130 and 129. Small amounts of other unknown compounds along with some of the 
unreacted starting material were also isolated. Fonnation of benzothiophene is 
presumably by one of the pathways outlined in Scheme· 36. 
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Even though 1-butyl hyponitrite is a much more efficient radical initiator 
than AIBN at 50 0 C, 86b frequent addition of the initiator was required for the 
completion of the reaction , whereas the reaction was observed to proceed smoothly 
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to yield the expected products, when 145 was treated with stannane at 80 0 C AlBN 
- , 
initiator, and irradiation with ultraviolet light. This could be due to the continued 
formation of sulphenic acid as the reaction proceeds, in the case of 143 , (as outlined 
in Scheme 36). Whereas in the case of 145 once the initial amount of the sulphenic 
acid was mopped up by stannane. the reaction would proceed smoothly. 
Scheme 37 
Due to the uncertainty of the exact source of benzothiophene, no 
conclusions regarding the rates of intramolecular homolytic substitution at the 
sulphenyl and the sulphinyl sulphur centres could be made from these experimental 
results. 
1.5. Discussion. 
The results obtained for the displacement reaction at sulphenyl centres by 
aryl radicals indicate that the rate of displacement is fastest for the benzyl system 94 
followed by those of the !-butyl 93 and the methyl 9283 systems respectively (Table 
5). The rate constants for the displacement reaction at sulphinyl centres by aryl 
radicals display a similar pattern, where the rate of the benzylic compound is faster 
than that of the ! -butyl system. As earlier stated, if the reaction follows a two step 
mechanism in which the first step is irreversible , the overall rate of the reaction 
would be governed mainly by the nature of the bond being formed. 
Table 5 
Substituent 
group. 
a) methyl 
b) i-butyl 
c) benzyl 
Substituent 
group. 
a) i-butyl 
b) benzyl 
Substituent 
group. 
a) propyl 
b) t-butyl 
c) benzyl 
Aryl radical cyclisations at Sulphenyl centres. 94 
4.7 ± 0.4 
4.2 ± 0.16 
3.1 ± 0.14 
log A 
10.6 ± 0.01 
10.9 ± 0 . 10 
10.4 ± 0.01 
Aryl radical cyclisations at Sulphinyl centres,94 
log A 
5.4 ± 0.29 11.2±0.19 
4.2 ± 0.53 10.7 ± 0.35 
Alkyl radical cyclisations at Sulphenyl centres. 38 
log A 
12.2 ± 1.16 10.2 ± 0.56 
11.4 ± 0.40 10.8 ± 0.24 
8.63±0.40 9 .92±0.22 
5 .0 x 107 
2.0 x 108 
3.2 x 108 
at 80° C. 
6.3 x 107 
1.3 x 108 
4.0 x 102 
5.0 x 103 
4.0 x 104 
43. 
44 . 
Similarly if the reaction fOllows a concerted mechanism , the rate constant 
would vary with the strength of the bond being broken. In each of the above series, 
the bonds being formed are similar in the systems studied. Hence , the fact that the 
overall rate constant is dependent on the leaving group , implies that these reactions 
follow a concerted mechanism rather than a two step mechanism. The results of 
Franz et al,38 indicate that the rates of the displacement reactions at sulphenyl 
systems by alkyl radicals also follow the above pattern , ~cbenzyl > ~-butyl > 
~propyl; which is further evidence for a concerted mechanism. 
Also , comparison of the present results with the results of Franz et al38 
indicate that the rates of the displacement reactions at sui phenyl centres by alkyl 
radicals are much slower than those by aryl radicals . In contrast , the selectivities of 
the three alkyl systems (1 : 15 : 215) are much higher than those observed for the 
corresponding aryl systems (1 : 6 : 10) (Table 6). Such differences of selectivities 
would not be observed, if the reactions follow a two step mechanism. When the rate 
is slow , the reaction probably goes via a product-like transition state which would 
result in higher selectivity as demonstrated in the alkyl systems. In contrast , when 
the rate of the displacement reaction is fast , it probably goes via a reactant like 
transition state resulting in lower selectivity as in the aryl systems. 
Table 6. 
Leaving group 
CH3 , propyl 
~-butyl 
benzyl 
ReI. rates of 
alkyl radicals at 
sulphenyl centres. 
1 
15 
215 
Rei. rates of 
aryl radicals at 
sui phenyl centres. 
1 
6 
10 
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Furthennore , while 9-S-3 type radicals possessing one or more 
electronegative ligands exhibit appreciable stability. 95 accumulating experimental 
evidence suggests low stabilities fo r 9-S-3 radicals lacking electronegative apical 
ligands.96 Therefore. in the systems studied. such a 9-S-3 type radical intennediate 
would be too unstable. 
All the above experimental evidence strongly support the proposal that 
intramolecular homolytic displacement at sulphur centres proceed by a concerted 
mechanism. In conclusion, the results of Kampmeier et al ,34 Beckwith and 
Boate,36 .83 Franz et at. 38 and the present study imply that displacement reactions at 
sulphur occur with complete inversion of configuration and that they follow a 
concerted mechanism. 
An analysis of the Arrhenius factors for the above cyclisation reactions 
reveals the reasons for the differences in the reaction rates of compounds of a 
particular series. As expected there is an approximate relationship between values of 
Eact (the activation energy) and the dissociation energy of the bond undergoing 
fission, namely , Eact is greatest for the strongest bond, S-CH3' and least for the 
weakest , S-CH2Ph. The reason for the variation in the values of log A are less 
straightforward. The analysis of A factors or the entropy changes are more 
complicated. The changes of entropy in the overall reaction can be divided into two 
parts; a) entropy changes involved in the formation of the new bond of the transition 
structure, b) entropy changes involved in the breaking of the old bond to yield the 
leaving radical. Since the formation of the new bond is common to all systems of a 
particular series , the entropy changes due to this will be constant. Hence, the 
differences in the A factors of the three systems studied, are due to the entropy 
changes that arise in the breaking of the old bond. In the case of the methyl 
compound and of the !-butyl compound, the partial dissociation of the S-C bond 
should increase the degree of rotational freedom,97a but this is expected to be greater 
in the case of the bulky!-butyl the rotation of which may be hindered in the ground 
state. On the other hand, for the benzylic compound, increasing conjugation 
between the incipient radical centre and the aromatic ring may decrease [mational 
freedom about the C-aryl bond97b.97c and thus lower the entropy change. 
Comparison of the kinetic data for the displacement reactions at 
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sulphenyl and sulphinyl centres by aryl radicals indicates that for a particular leaving 
group the rate of displacement at the trivalent sulphinyl centre is slower than that at 
the divalent sulphenyl centre. These results agree with Kampmeier 's early 
observations. 34a He reported that radical 152 in the sulphide series gave a 
reduction/displacement ratio of 17/83 in cyclohexane, whereas the corresponding 
radical 2 in the sulphoxide series distributed approximately 50/50 between reduction 
and displacement paths in cyclohexane, thus indicating the rate of displacement 
in the sulphinyl system to be slightly slower than that of the sulphenyl system 
(Scheme 38). There is no apparent simple explanation for the above observed 
differences in the rates of displacement reactions at these centres. One of the major 
differences between the sulphur atoms of a sui phenyl system and a sulphinyl system 
is their electron densities. Due to the presence of the oxygen atom , the electron 
density at a sulphinyl centre would be lower than that at a sui phenyl centre. Hence, 
if the attacking species, the aryl radical. is electrophilic, the rate of attack at the 
more electron rich sulphenyl centre would be faster than that of the attack at the less 
electron rich sulphinyl centre. Although the actual nature of the aryl radical attack, 
whether it is electrophilic or nucleophilic, is not well established, there is 
experimental evidence to suggest that it may well be electrophilic. 
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Recent work by Zanardi et al.65 indicates that aryl radicals may be 
electrophilic in nature. Under the conditions used. (see page 20) the starting 
material yields the corresponding aryl radical. which then undergoes an 
intramolecular addition to the triple bond to yield the vinyl radical. The aryl radical 
could also be trapped by the solvent , to give the reduced product. The vinyl radical 
undergoes a fast intramolecular homolytic displacement at the sulphur centre to yield 
the cyclised product A. but the reduced product arising from the vinyl radical was 
not observed, suggesting that the vinyl radical once formed undergoes a rapid 
cyclisation (see Scheme 20). 
Table 7. 
Product R x %yielda 
A.l Ph H 95 
A.2 m-MeOC6H4 H 80 
A.3 p-CIC6H4 H 75 
A.4 C02Et H 75 
A.5 COMe H 37 
a yields were calculated for pure product based on the decomposed starting material. 
Xu I R'+ 
, S 
I 
Me 
R-C=C-H X~R V-s/ . 
A 
The percentage yield of the cyclised product reflects the affmity of the 
aryl radical for the triple bond, since the vinyl radical yields only the cyclised 
product and since the yield is calculated with respect to the starting material. These 
results suggest that when the triple bond is electron rich (entry 1), the yield of the 
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cyclised product is high. When the R group is an acetyl group (entry 5) . the triple 
bond is less electron rich due to it being in conjugation with the carbonyl group and 
thus the yield of the cyclised product is low. In the entries 2. 3 and 4. the yields are 
in between the above two cases and so is the electron density of the triple bond. 
These results suggest that aryl radicals m.ay be electrophilic in nature . 
Similarly .. the results of a study by Beckwith et al98 imply, although not 
directly , that aryl radicals could be electrophi1ic in nature . The alkenaryl radicals 
154 and 155 are observed to undergo rapid ring closures in comparison to the 
cyanoacetate 157 and the acetoacetate 156. The relative rate constant ~/~H of 155 
0.35 M at 80°C is low in comparison to that of 154 1.04 M at 80°C. This is due 
to the steric crowding at the position of radical attack which slows down the rate of 
rearrangement. Yet, ~/~H of 155 is much larger than that of 156, 10-2 s-1 at 80 
° C. Since the steric crowding at the reaction centres of 155 and 156 is similar. the 
differences in the rates are probably due to some other reason. Due to the presence 
of the oxygen atom and the carboxylate group , the position of radical attack, the 
carbonyl carbon of 156. is relatively poor in electron density in comparison to the 
position of radical attack in 155. Hence, a reason for the differences in the rates of 
rearrangement of these two compounds may be this difference in the electron 
densities at the position of radical attack. If aryl radicals are electrophilic, the rate 
rearrangement of 154 would be faster than that of 157, which is in agreement with 
the experimental results. 
Figure 6 
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Similarly the rate constant for the rearrangement of 157, .~-cI~H 0.15 M. 
is higher than that of 156. lO-2 s-l. due to the higher steric crowding at the reaction 
centre of 156. Yet by compari son with 154. which might be considered to have 
similar steric crowding at the reaction centre , the rate constant of 157, ~/~H 0.15 
M, is lower than that of 154 , ~C/~H L.04 M. Once again , due to the presence of the 
nitrogen atom and the carboxylate group , the electron density at the position of 
attack in 157, the carbon atom of the cyano group , is lower than than that of 154 . 
Hence , as supported by the above experimental evidence, if the aryl 
radicals are electrophilic in nature , they would attack the more electron rich 
sui phenyl centres faster than they would attack the relatively electron poor sulphinyl 
centres in accordance to the experimental results. The above evidences must be 
regarded as tentative as the two types of reactions under consideration involving . 
addition of aryl radicals to C = C and C = 0 bonds have different thermochemistries. 
However, it may be relevant that alkyl radicals which are believed to be nucleophilic 
in character undergo intramolecular attack on the CH = 0 group slightly faster than in 
the CH2 = CH2 group. 99 
A study of the kinetics of six membered ring formation by such 
intramolecular homolytic msplacements at sulphur centres in similar systems was also 
considered. However, based on early observations,IOO it is apparent that 1,5-
hydrogen transfer reactions in these systems giving rise to undesirable products 
would be comparatively fast. Although this could be overcome by incorporating two 
methyl groups in the 5 position of 159, this might then give rise to other complicated 
effects. While steric factors might cause an adverse effect on the cyclisation , the 
"Thorp-Ingold effect"S9 would favour the cyclisation. Due to all the above reasons , 
a proper comparison of the five vs six membered ring formation may not be possible. 
Hence , the idea of carrying out such kinetic studies on the formation of six 
membered rings was abandoned. 
Figure 7 
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1.6. The synthesis of the radical precursors and the authentic samples of radical 
reaction products. 
The radical precursors 93 and 94 were prepared in high yield as outlined 
in Scheme 39. Reduction of 2-(2-bromophenyl)acetic acid with lithium aluminium 
hydride yielded 2-(2-bromophenyl)ethanol 161. Treatment of 161 with phosphorus 
tribromide at 100 0 C gave 162 , which was converted into either of the two radical 
precursors by the action of the corresponding sodium thiolate. Authentic samples of 
. the two reduced compounds 101 and 102 were prepared in a similar manner. 
Treatment of 2-bromoethylbenzene with the corresponding sodium thiolate gave the 
required compounds in good yields. 
Scheme 39 
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The four sulphoxides 109, 115 , llO and 121 were prepared by the 
oxidation of the corresponding thioethers with 3-chioroperbenzoic acid at 0-5 0 C. 
Scheme 40 
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Authentic samples of the four sulphones 124 , 125. 118 and 126 were 
prepared by the oxidation of the corresponding thioethers with sodium perborate in 
glacial acetic acid. 101 
Scheme 41 
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Radical precursor 127 was prepared as follows: 102 Treatment of bis-
thiomethyl methane with .!!-butyl lithium in THF at -78 0 C followed by 2-
bromobenzyl bromide, yielded 135 ,in a moderate yield. The oxidation of 135 with 
3-chloroperbenzoic acid resulted the desired radical precursor 127 as a mixture of the 
diastereoisomers. Compounds 143 and 130 were prepared in a similar manner from 
2-iodobenzyl bromide and benzyl bromide respectively. 
Scheme 42 
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Authentic samples of 132 and 144 were prepared by heating solutions of 
127 and 143 respectively in benzene at 100 0 C for 16 h. 
An authentic sample of 129 was prepared by the fo llowing method: 
treatment of 135 with tri-E-butyltin hydride under high dilution conditions at 80 0 C, 
gave 137 in good yields , which on oxidation with 3-chloroperbenzoic acid yielded 
129. 
Scheme 43 
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CHAPTER 2 
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KINETIC STUDIES ON HOMOLYTIC SUBSTITUTION AT SULPHUR BY 
ALKYL RADICALS IN SOME DISULPHIDE AND THIOESTER SUBSTRATES. 
2.1. Introduction. 
As previously mentioned, the work described in this chapter was 
undertaken as a model study for the final S-C bond formation of penicillin in its 
biosynthetic process. Although some work on radical substitution reactions at the 
sulphur atom of disulphides21-23. 103.104 has been reported in the past , reports on 
similar reactions on the sulphur atom of thioesters lOS are relatively rare . 
A recent study by Barton and co-workers indicates that the decomposition 
of thiohydroxamic-carboxylic mixed anhydrides (thiohydroxamic esters) in the 
presence of dichalcogenides (diaryl disulphides , diaryl diselenides and diaryl 
ditelurides) results in the decarboxylative chalcogenation of aliphatic and alicyclic 
carboxylic acids . 106 In these systems , the radical substitution occurs (SH2) at the S-
S (Se-Se, Te-Te) bond to give the corresponding thiyl (selenyl , teluryl) radical which 
propagates the chain in the desired direction (path A Scheme 44) . This reaction is in 
competition with the back-ground .addition of the radical (R ) to another precursor 
molecule (path B, Scheme 44). If one knows the rate constant for the back-ground 
addition process one could employ this as a radical ciock reaction , and measure the 
rate constants for the substitution reactions. Recently , Newcomb et al l07 reported 
the rate constant and Arrhenius functions for this reaction in which they studied the 
scavenging of octyl radical by an N-hydroxy pyridine-2-thione ester. Hence, 
Barton's thiohydroxamic ester method was chosen for the present study. Another 
reason for choosing this metho~ is because of the fact that the conventional 
tributyltin hydride method could not be applied for the study of disulphide 
substrates, as it is well accepted 108 that stannyl radicals have a high affinity for S-S 
bonds. 
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Accordingly . various disulphide and thioester. thiohydroxamic esters which 
would give rise to five and six membered rings by intramolecular homolytic 
displacement at sulphur were employed in this work. Some similar intermolecular 
reactions were also investigated. Tne details of the work on the intramolecular and 
intermolecular displacement reactions of disulphides are outlined in sections 2.2 and 
2.3 respectively . The details of the study of intramolecular displacement at the 
sulphur atom of thioester substrates and the preparative methods for the synthesis of 
the radical precursors and authentic samples are given in sections 2.4 and 2.6 
respectively. 
2.2. Intramolecular homolytic substitution at some disulphide substrates. 
It was decided to study the formation of both five and six membered rings 
by intramolecular displacements at sulphur in symmetrical as well as unsymmetrical 
disulphides. Since Barton's thiohydroxamic-carboxylic mixed anhydride method was 
employed, it was necessary that such systems with carboxylic groups be prepared. 
Hence the disulphides of 5-mercaptovaleric acid 164 and 6-mercaptohexanoic acid 
165 were employed as the symmetrical disulphides. Although many literature 
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procedures I 09- 111 were followed for the preparation of the unsymmetrical 
compounds. in all instances only the corresponding symmetrical disulphides were 
obtained. Later it was found that [his was a result of the final purification step; the 
base extraction (NaHC03) followed by acidification causes the rearrangement of the 
unsymmetrical compound to the symmetrical compounds. There are repons l 12. 11 3 
of similar rearrangements where unsymmetrical disulphides, with neighbouring 
carboxylate anions. are convened to the corresponding symmetrical compounds. 
Although the mechanism of this reaction is not well understood, it is believed that 
the carboxylate anion attacks the S-S bond which in tum initiates the rearrangement. 
Therefore, all unsymmetrical systems were purified by column chromatography. The 
acidic silica gel was also observed to favour the above rearrangement. Hence, all the 
chromatography purifications described in this chapter employed silica gel which had 
been previously washed 1 14 with buffer at pH 7.6. The preparation and purification 
(chromatography) of all the thiohydroxamic esters w~re carried out in the dark. 
2.2.1. Five membered ring formation. 
In a preliminary experimeru, a 0.2 M solution of 166 in degassed benzene 
was heated at 80 0 C. This gave .only the cyclised product 170 and dipyridyl 
disulphide 175. The cyclised product was identified by comparison of the gc 
retention time with that of an authentic sample, while 175 was isolated by column 
chromatography and identified by comparison of the spectral data (I H, 13C NMR 
and mass spectrum) with those in the literature. This compound was found to be 
unstable under the gc conditions used. The mechanism of the cyclisation of 166 
must involve a relatively fast ring closure of the radical 167 to give 170 and the thiyl 
radical 169, which propagates the chain by addition to the precursor. Since the 
addition product 171 is also a disulphide, a further similar series of reactions can 
Occur to give finally only 170 and 175. Due to the complicated nature of this 
process, no accurate kinetic studies were carried out for this system. 
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Similarly , a 0.2 M solution of the thiohydroxamic ester 176 in degassed 
benzene was heated to give only the cyclised product 170 and 180. The latter 
compound arises from the chain propagation step (path A. Scheme 46). and was 
detected and identified by gc and thin layer chromatography (TLC). None of the 
product from the back-ground addition of radical 177 to a precursor molecule (path 
B, Scheme 46) was observed. either by gc or by TLC. 
Scheme 46 0t> II (CH3)3C" ~C, '\
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Although these results imply that the rate of intramolecular homolytic 
displacement at the disulphide bond in radical 177 is much faster than that of the 
back-ground addition reaction , they do not allow the accurate determination of the 
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rate constant. This can be achieved if one employs a system in which ring closure of 
the radical competes with an intermolecular reaction with a suitable reactant X -y. 
such that the two rate constants are of comparable magnitude . Furthermore. the 
radical products from the two competing processes. namely RS ' and Y' , must be 
capable of propagating the chain . These criteria can be met if the second reactant is 
a thiol, RSH. Since .the rate constant for the abstraction of hydrogen from !-butyl 
thiol by an alkyl radical at 50 0 C is known to be 1 x 107,115 it was decided to use t-
butyl thiol as the second reactant , the external hydrogen atom donor. 
In a preliminary experiment , a solution of 176 and !-butyl thiol (0 .02 M , 
10 eq) in degassed benzene was heated at 50 0 C for 3 h whilst being irradiated with 
ultraviolet (UV) light. Compounds 170, 181 , 180 and traces of di-!-butyl disulphide 
(E-BuSSBu-!) and di-.!!-butyl disulphide ~-BuSSBu-.!!) were detected by comparison of 
their gc retention times with those of authentic samples. The presence of 175 in the 
reaction mixture was observed by TLC experiments. As outlined in Scheme 46, the 
forrmition of 170 occurs via the cyclisation of radiccl 177, while the formation of 181 
involves hydrogen atom transfer from !-butyl thiol to radical 177. The disulphide 
180 is the product of the chain propagation step. The symmetrical disulphides 
,!-BuSSBu-,! . .!!-BuSSBu-.!! , and 175 probably arise from the rearrangement of the 
unsymmetrical compounds 181 and 180. The overall mechanism of this cyclisation 
process implies that the rate constant for the cyclisation of radical 177, k ' is related 
to ~H ' the rate constant for hydrogen atom transfer from .!-butyl thiol to the primary 
alkyl radical 177, by the equation ; 
k / ~H . = C / UH x [RSH] 2.1 
in which C / UH is the ratio of yields of the cyclised and uncyclised products. The 
results of four separate experiments (Table 8, Appendix 1) with different thiol 
concentrations gave k = 1-3 x 107 s -1 at 50 0 C. Assuming that all of .!!-BuSSBu-.!! 
arose from 181, corrections were made in the calculation of the concentrations of 
181 in the test solutions. 
In a similar manner. a dilute solution of the thiohydroxamic ester of 5-
phenyldithiopentanoic acid 182 in degassed benzene (0 .2 M) was heated at 50 0 C for 
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3h while being irradiated with UV light. This gave two products. which were 
identified as the cyclised compound and 186 by the comparison of their gc retention 
times with those of authentic samples. None of the back-ground addition product 
184. was observed by gc or TLC. As in the case of the !-butyl system 176. these 
results indicate that the intramolecular homolytic substitution at the S-S bond in 
radical 183 is relatively fast. However, they do not allow the calculation of an 
accurate rate constant. Hence, S-butyl thiol was used as an external hydrogen atom 
donor, so that the cyclisation of radical 183 had to compete with the hydrogen atom 
abstraction from the thioi. 
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In a preliminary experiment. UV irradiation of a solution of 182 and t-
butyl thiol (0.2 M. 10 eq) in degassed benzene at 50 ° C for 3 h yielded a complex 
reaction mixture. Comparison of the gc retention times with those of authentic 
samples indicated the presence of 170 . 186. 187. 180 , t-BuSSBu-t. n-BuSSBu-n. and 
----- -
PhSSPh. Once again the TLC experiments indicated the presence of 175 . As 
outlined in Scheme 47 , the cyclisation of radical 183 yields 170, and the hydrogen 
atom transfer from !-butyl thiol to radical 183 yields 187. The two disulphides 186 
and 180 are the products of the two chain propagation steps. Once again the 
formation of the symmetrical disulphides !-BuSSBu-! , PhSSPh, E-BuSSBu-E , and 175 
could be via the rearrangement of the various unsymmetrical disulphides in the 
reaction mixture. The formation of !-BuSSBu-~ and PhSSPh could also occur by the 
recombination of two !-butylthiyl or two phenylthiyl radicals respectively. 
Because this complex product mixture is a result of the presence of two 
different chain propagating species , it was decided to employ thiophenol l 16 as the 
hydrogen atom donor. In a typical experiment, a dilute solution of 182 and 
thiophenol (0.3 M, 10 eq) in degassed benzene was heated at 50°C for 1 h while 
being irradiated with UV light. Trtis gave 170 , 187, 186, PhSSPh and a trace of 
E-BuSSBu-E as detected by gc. The presence of a small quantity of 175 was 
detected by TLC experiments . The observation of only a trace of E-BuSSBu-E may 
be due to the shorter reaction time (1 h) which might not allow enough time for the 
rearrangement of the unsymmetrical disulphide 187. The formation of PhSSPh could 
arise by either the recombination of the phenylthiyl radicals or by the rearrangement 
of 186 which would also result in 175. However, the reaction mechanism of this 
system is similar to that of the heating of 176 in the presence of !-butyl thiol. 
Hence, the rate constant for the cyclisation of radical 183, ~, and that for the 
hydrogen atom transfer from thiophenol to radical 183 ~H are related by equation 
2.1 , in which C / UH is the ratio of the yields of cyclised and uncyclised products. 
The results of six separate experiments (Table 9, Appendix 1) with different thiol 
concentrations gave, ~ = 3-4 x 108 s-l at 50 0c. 
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When a dilute solution of the thiohydroxamic ester of 
5-(,!!-butyldithio)pentanoic acid 188 in degassed benzene was heated at 50 0 C for 1 h. 
it gave two products. These were identified as 170 and 192 by comparison of their 
gc retention times with those of authentic samples. None of the back-ground 
addition product 190 was observed either by gc or by TLC. Once again although 
these results indicate that the cyclisation of the radical 189 to yield 170 is relatively 
fast , they are not sufficient for calculation of an accurate rate constant. 
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As in the earlier systems it was decided to employ a thiol which would act 
as a hydrogen atom donor to radical 189. and thus act as a radical clock for the 
cyclisation process. Since complex reaction mi xtures result when two different chain 
propagating species are present. ideall y one should use ~ -buty l thiol as the hydrogen 
atom donor for this system. Yet , the rate constant fo r the hydrogen atom transfer 
from this thiol to alkyl radicals is not known. Therefore t-butyl thiol was employed 
as the hydrogen atom donor. An experiment carried out under the usual conditions 
(0.3 M !-butyl thiol) gave a complex reaction mixture , from which the presence of 
170, 193 , 180, 192 and a trace of !-BuSSBu-! were identified by their gc retention 
times. Since the rearrangement of the unsymmetrical disulphide 192 could result in 
,!!-BuSSBu-,!! , which is also the hydrogen atom abstraction product , the calculation of 
an accurate rate constant for the cyclisation of radical 189 was not possible by this 
method . An approximate value calculated gives , ~ = 2. 5 x 106 s -1 at 50 0 C. . 
2.2.2. Six membered ring fo rmation. 
A dilute solution of the thiohydroxarnic ester 194 in degassed benzene 
(0 . 1 M) was heated at 80 0 C for 3 h while being irradiated with UV light. This 
gave the cyclised product 198 and 175. The presence of 198 was confinned by the 
comparison of the gc retention time with that of an authentic sample while the 
presence of the disulphide was confll1Tled by the comparison of the Rf value with 
that of an authentic sample. As outlined in Scheme 49 , 198 is the product of 
intramolecular homolytic substitution at the S-S bond of radicals 195 and 200 , while 
175 is the product of the chain propagation step. Although accurate rate studies 
were not conducted for this system, the above results imply that the rates of 
cyclisation of the radicals 195 and 200 are relatively fast. 
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Similar treatment of a dilute solution of the thiohydroxamic ester 202 in 
degassed benzene (0.05 M) gave the cyclised product 198 and the disulphide 180 as 
identified by their gc retention times. Since none of the back-ground addition 
product 204 was detected either by gc or by TLC these results do not pennit [he 
calculation of an accurate rate constant for the cyclisation process. However . as in 
the systems studied before , they indicate that the intramolecular homolytic 
displacement at the S-S bond in radical 203 is relatively fast. 
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Hydrogen atom abstraction from ~-butyl (hiol by radical 203, for which 
the race constant is known, was employed as a competitive route available to radical 
203. By the use of this process as a radical clock, it was possible to calculate an 
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accurate rate constant for the cyclisation . In a typical experiment. a solution of 202 
and i-butyl thiol (0 .3 M. 6 eq) in degassed benzene was heated at 50 ° C for I h 
while being irradiated with UV light. This yielded the cyclised compound 198, the 
uncyclised product 205 and the disulphide 180 as detected by gc . The presence of 
205 was confirmed by the comparison of the gc retention time with that of an 
authentic sample. Once again the relationship of~, the rate constant for the 
cyclisation process and ~H ' the rate constant for the hydrogen atom transfer from 
i-butyl thiol to radical 203 is given by equation 2.1. The results of six separate 
experiments (Table 10 , Appendix 1) with different thiol concentrations gave, ~ = 6-
7 x 105 s-1 at 50°C. 
The product distribution of the thiohydroxamic ester of thioctic acid, 208 
was also studied as a further investigation of the six membered ring formation by 
intramolecular homolytic displacement at a disulphide bond. The general method of 
preparation of thiohydroxamic esters involves the use of the acid chloride. 117 
However, this method failed for this system and an alternative method, as outlined in 
Scheme 51 , was employed,I18 A solution ofthioctic acid 206 (7.28 mrnol , 0.15 M), 
N-hydroxypyridine-2-thione 207 (8.74 mmol) , DeC (10.9 mmol) and DMAP (8.74) 
in degassed benzene was heated at 80 ° C for 3 h. This yielded two major products 
which were separated by column chromatography. The presence of the characteristic 
I H and l3C NMR resonances for the pyridyl group of one of the compounds showed 
that it could be either 212 or 213. The other compound had only alkyl IH and 13C 
NMR resonances, which implies that it could be either 210 or 214. The IH and 13C 
NMR patterns of the alkyl region were almost identical for both compounds which 
suggested that the alkyl group must be the same in both compounds. This means 
that the two products are either 210 and 212, or alternatively 214 and 213. Both 
compounds gave a characteristic peak at mlz = 161, in the mass spectrum, which 
could be due to either 215 or 216. Out of the four systems 212, 214 , or 213 could 
give a peak at 161 by fragmentation whereas it is very unlikely that 210 could give 
rise to such a fragment. Hence, it was decided that the two products are 214 and 
213. An approximate value for ~c of radical 209 is - 2.7 x 106 s-1 at 80°C. 
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2.3. Intermolecular homolytic substitution at the S-S bond in some disulphide 
substrates. 
The use of thiohydroxamic esters in detennining accurate rate constants 
for intramolecular homolytic displacement at the S-S bonds. as outlined in section 
2.2 was successful. Therefore it was decided to extend this method to calculate 
accurate rate constants for similar intennolecular reactions . The thiohydroxamic 
ester of heptanoic acid 217 was employed as the radical source , while PhSSPh , 
~-BuSSBu-.!! , and ~-BuSSBu-~ were chosen as the disulphide substrates. 
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The UV irradiation of a solution of 217 and PhSSPh (1 M, 9 eq) in 
degassed benzene at 50°C for 2 h, yielded three products , the two sulphides 219 
and 220 and the disulphide 186. The presence of these compounds were confmned 
by comparison of their gc retention times with those of authentic samples. As 
outlined in Scheme 54. the fonnation of the sulphide 220 occurs by intennolecular 
homolytic displacement at the S-S bond of PhSSPh by radical 218 while the 
fonnation of 186 involves addition of the thus fonned phenylthiyl radical to a 
precursor molecule as one of the chain propagation steps. The sulphide 219 is the 
back-ground addition product of radical 2 18 to a precursor molecule , which is 
employed as the radical clock in this system. 
According to the mechanism of this process , the rate constant for the 
intennolecular displacement at the S-S bond ~, and that of the back-ground addition 
process h are related to each other in' the following manner; 
~ / h = S / T x [Pr]m / [PhSSPh]m -------2.2 
in which S / T is the ratio of the displacement product 220 to the back-ground 
addition product 219 , and [Pr]m and [PhSSPh]m are the mean concentrations of the 
precursor and PhSSPh respectively. The results of five separate experiments (Table 
11, Appendix 1) with different concentrations of the precursor and PhSSPh gave, 
~s (PhSSPh) = 1.1 - 1.3 x 106 M-1 s-I at 50°C. 
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In a similar experiment, heating of a solution of 217 and E-BuSSBu-E 
(1.5 M, 10 eq) in degassed benzene at 50°C gave three products, which were 
identified as 221, 219 , and 192 . by comparison of their gc retention times with those 
of authentic samples. As outlined in Scheme 52, the formation of the sulphide 221 
Occurs by the displacement reaction at the S-S bond of E-BuSSBu-E by radical 218 
and the formation of 192 involves the addition of the radical 218 to a precursor 
molecule in the chain propagation step. The baCk-ground addition of radical 218 to 
a precursor molecule gives the sulphide 219. 
70 . 
Once again the relationship of ~S and ~. as shown in equation 2 .2 is in 
accord with the mechanism. The results of six separate experiments (Table 12. 
Appendix I ) with different concentrations of the disulphide gave. ~s (.!:l - BuSSBu-.!:l ) = 
6.7 - 8. 2 x 104 M- 1 s-l at 50°C. 
UV irradiation of a solution of 217 and ,E-BuSSBu-,E (1.0 M, 4 eq) in 
degassed benzene at SO ° C for 3 h yielded only the baCk-ground addition product 
219 (90 %) as detected by gc . In similar experiments with higher disulphide 
concentrations (2 and 3 M) once again only 219 was observed. These results imply 
that intermolecular homolytic displacement at the S-S bond of ,E-BuSSBu-,E is much 
slower than those of the other two systems studied: Although it is not possible to 
calculate an accurate value for this process with the results in hand, it appears that 
~s(!-BuSSBu-.!) is < 6.7 x 104 M- I s-I at SO 0C. 
2.4. Intramolecular homolytic displacement reactions at the sulphur atom of 
some thioester substrates. 
Once again , Barton ' s thiohydroxamic esters were employed as the radical 
precursors. The major reason for not using the conventional tin hydride method was 
because of the uncertainty of the. rate of attack of stannyl radicals at the thioester 
moiety. It was also decided to investigate the formation of five as well as six 
membered rings by such substitution reactions at sulphur. Since the thiohydroxarnic 
ester radical precursors were to be used , it was necessary to prepare thioesters with a 
carboxylic group either four or five carbon atoms away from the sulphur atom of the 
thioester function . Hence , the required compounds were prepared from 5-bromo-
pentanoic acid and 6-bromohexanoic acid, as described in section 2.6. Since the 
general acid chloride method of preparation of thiohydroxarnic esters failed , the 
DCC/D MAP 118 method was employed. 
2.4.1. Five membered ring formation. 
A dilute solution of 222 (0.05 M) in degassed benzene was heated at 
50 0 C for 3 h while being irradiated with UV light. This gave a mixture of 
7 1. 
compounds from which the major products were identified as the cyclised product 
170. the baCk-ground addition product 226 and the chain propagation product 230. 
The cyclised product was identified by the comparison of the gc retention time with 
that of an authentic sample. The thioesters 226 and 230 were purified by column 
chromatography and identified by comparison of their spectral data with those of 
authentic samples. The mass spectrum of 226 showed the molecular ion peak at m/z 
= 303 and other peaks at m/z = 105 (PhCO+ ) and 198 (M+ - PhCO). The 13C 
NMR spectrum had a characteristic thioester carbonyl carbon resonance at 191.9 
ppm, five characteristic carbon resonances of the carbons of the pyridine moiety and 
four resonances due to alkyl carbon atoms. The proton resonances for the 
corresponding alkyl and aryl protons integrated in the correct ratio (8 : 9). The 
thioester carbonyl stretching frequency at 1715 em -I in the IR spectrum also 
confinned the structure of 226. Similarly the structure of 230 was also confmned by 
its spectral data. Both these compounds were found to be unstable under the gc 
conditions used. Therefore the exact amount of the cyclised product present in each 
test solution was detennined by the gc method with the aid of an internal standard. 
The rest of the starting material was considered to have been convened to the back-
ground addition product 226. The kinetic analysis of this reaction system gives a 
relationship between.k and ~'T' more complicated than that of the disulphide 
substrates and is as follows; 
[C] = .k I h in { ( [Pr]o + 1: I h ) I ( [pr Jr + .k I h ) } ----2.3 
Using the computer based iterative method87 one could obtain a value for 1: I h. 
In the above equation while [C] is the final concentration of the cyclised product 
[Pr]o and [PrJr are the initial and final concentrations of the precursor. The results of 
three separate experiments (Table 13, Appendix 1) of three different precursor 
concentrations gave 1: = - 1 x 104 sol at 50 0 C. Similarly a value for.k at 104 
°Cwasobtained,1: = -4x 104s-l~ 
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Heating of a dilute solution of 223 (0.03 M) in degassed benzene at 
50 0 C for 3 h while being irradiated with UV light resulted in a similar product 
distribution. The cyc1ised product 170 was detected by gc while the back-ground 
addition product 227 and the chain propagation product 231 were isolated and 
characterised by comparison of their spectral data with those of authentic samples. 
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The mass spectrum of 2.'2:7had a molecular ion peak at m/z = 241 and a peak at mlz 
= 198 (M+ - CH3CO). The 13C NMR spectrum had a characteristic thioester 
carbonyl carbon resonance at 195.4 ppm. the five characteristic carbon resonances of 
the carbons of the pyridine moiety and other resonances due to alkyl carbon atoms. 
The I H NMR spectrum showed a characteristic acetyl resonance and other alkyl 
protons at the correct chemical shifts . The infrared spectrum showed the thioester 
carbonyl stretching frequency at 1690 em -1. As was the case in the previous 
system, the two thioesters 227 and 231 were found to be unstable under the gc 
conditions used. Hence, the accurate amounts of the cyclised product present in the 
test solutions were determined by the gc method and the rest of the radical precursor 
was considered to have been converted to 227. Kinetic analysis of this system 
requires that the rate constant for the cyclisation ~ be related to that of the back-
ground addition reaction ~ as shown in equation 2.2 , from which a value for ~ 
could be calculated. The results of three separate experiments (Table 14 , Appendix 
I) of different precursor concentrations gave ~ = - 3 x 102 S -1 at 50 0 C. F rom a 
similar set of experiments carried out at 104 0 C, the rate constant for the cyclisation 
at 104 0 C was calculated to be - 6 x 103 s-1 . 
2.4.2. Six membered ring formation. 
UV irradiation of a dilute solution of 232 in degassed benzene (0 .01 M) at 
50 0 C for 3 h, yielded only one compound, which was determined to be the 
thioester 236. None of the cyclised product 198 could be detected by gc. The 
structure of the thioester 236 was confIrmed by its spe~tral data. The mass spectrum 
showed a molecular ion peak at mlz = 317 and other peaks at mlz = 105 (PhCO) 
and 212 (M+ - PhCO). The DC NMR spectrum showed a characteristic thioester 
carbonyl carbon resonance (192 ppm). The proton resonances for the alkyl and aryl 
protons were in the correct regions and integrated correctly (10 : 9). The thioester 
carbonyl infrared stretching frequency was at 1710 cm -1. 
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The absence of the cyclised product indicates that the rate of cyclisation of 
the radical 234 by intramolecular homolytic displacement at the sulphur atom is too 
slow to be accurately measured at this temperature. Hence, similar experiments were 
carried out at 104 oC, which resulted in the formation of the cyclised product, 236 
and 230. Once again the two thioesters were found to be unstable under the gc 
conditions used. As in the study of the corresponding five membered system, the 
accurate amounts of the cyclised compound in the test solutions were determined by 
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the gc method with the aid of an internal standard. A kinetic analysis of Scheme 54 
shows that ~ and ~ are related in a manner similar to that depicted in equation 
2.2. from which the value of ~ could be calculated. From the results of three 
separate experiments (Table 15 , Appendix 1) of different concentrations of the 
radical precursor, the accurate rate constant at 104 0 C was calculated to be, - 1 x 
103 s-l. 
The fonnation of a six membered ring by the intramolecular homolytic 
displacement at the sulphur atom of the radical 235 was also investigated. Heating 
of a dilute solution of the radical precursor 233 in degassed benzene at (0.02 M) 
50 0 C for 3 h, while being irradiated with UV light gave only one compound which 
was detennined to be 237. None of the cyclised product was detected by gc. The 
structure of 237 was detennined in the usual way, from its spectral data. The mass 
spectrum had a molecular ion peak at m/z = 255 and a peak at m/z = 212 (M+ -
CH3CO). The 13C NMR spectrum had a characteristic thioester carbonyl carbon 
resonance at 195 .7 ppm. The 1 H NMR showed the resonances for the corresponding 
alkyl and aryl protons in the correct regions , and the IR spectrum had a thioester 
carbonyl stretching frequency at 1690 cm -1 in the IR spectrum. 
The absence of any of-the cyclised product, indicates that the rate 
constant for the cyclisation of radic?-i 235, at 50 0 C is too slow to be accurately 
measured by this method. Hence the above experiments were repeated at 104 °C, 
which yielded a small quantity of 198 as detected by gc. The thioesters 237 and 231 
were also observed. As was the case in earlier systems, the thioester 237 was 
unstable upon gc analysis. With the aid of an internal standard, the accurate 
amounts of the cyclised product present in the test solutions were determined by 
employing the gc method. From the relationship of the two rate constants ~ and h 
which is as shown in equation 2.2, the value of ~ was calculated. The results of 
three separate experiments (Table 15, Appendix 1) with different precursor 
concentrations gave the value, - 2.5 x 102 s-I for the rate constant of the cyclisation 
of radical 235 at 104 0 C. 
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2.5. Discussion. 
Entries 1. 2. 3. and 4 (Table 16) give the rate constants for fonnation of 
five membered lings by intramolecular homolytic di splacement at sulphur in the 
respective radicals 177. 183. 224. and 225 . The val ues of ~c at 50 dc. for the two 
disulphide substrates (entries I and 2) are higher than those for the two thioesters 
(entries 3 and 4) . This can be explained in terms of the energies of the bonds being 
formed and those being broken durin g the cyclisation . 
Figure 8 
The energies involved in the formation of the new bonds are essentially 
the same in all these systems . But. the bonds being broken , the S-S bond of the 
disulphides are relatively weaker and hence easier to break, than the S-CO bonds of 
the thioester substrates. 119 (Fig 8) As a result , the total energy requirements of the 
cyclisation are favourable for the disulphides , which in turn gives a faster rate of 
cyclisation . 
In each series , the rate of the substitution process is found to be faster in 
the aryl system than that in the corresponding alkyl system (entries 1 and 2 , 3 and 
4) . This is to be expected for although the bonds being formed in radicals 177 and 
183 are of similar energy , those being broken , i.e. S-S(alkyl), S-S(aryl) are different , 
the latter being weaker than the former because of conjugative stabilisation of the 
phenylthio radical formed by its fission. Hence , the cyclisation resulting in the 
formation of the phenylthiyl radical is more favoured than that resulting in the 
generation of the ! -butylthiyl radical . Similarly, the differences in the rates of 
cyclisations of radicals 224 and 225 can also be rationalised on the basis of the 
relative stabilies of the radicals fonned , PhCO· and CH3CO·, the former being more 
stable than the latter. 
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Table 16. 
Entry Radical ~ Temp 
1. 177 1-3 x 107 5- 1 50°C 
2. 183 3-4 x 108 5- 1 50°C 
3. 224 a) - 1 x 104 $-1 50°C 
b) 3-5 x 104 $-1 104°C 
4. 225 a) - 3 x 102 5- 1 50°C 
b) - 6 x 103 5- 1 104°C 
5. 203 6-7 x 105 5- 1 50°C 
6. 209 - 3 x 106 5- 1 80°C 
7. 234 - 1 x 103 5- 1 104°C 
8. 235 2.5 x 102 5- 1 104°C 
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Compalison of our results with those of Franz et al,38 for intramolecular 
homol ytic displacement reactions at the sulphur atom in sulphides by alkyl radicals. 
gives the fo llowing reactivity pattem : ~c(disulphides) > ~c(thi oesters) > 
~c (sulphides). The above argument concerning the energetics can be employed to 
rationalise this observation. In all these systems the new bond being formed is the 
same , a S-C bond. In the sulphides the bond being broken is also a S-C bond, 
which is relatively stronger than a S-S bond . 119 Hence the overall energy 
requirements would be more favourable for the disulphides resulting in a faster rate 
of cyclisation. On the other hand. in both thioesters and sulphides, the bonds being 
broken are S-C bonds . Therefore the differences in the rates are probably due to the 
stabilities of the radicals being formed by the cyclisation procedure. Since acyl 
radicals are more stabilised than alkyl radicals , due to the conjugation of the single 
electron with the carbonyl oxygen. intramolecular homolytic displacements at sulphur 
in thioesters are more favoured than those in the corresponding sulphides. 
Entries 5. 6, 7, and 8 (Table 16) give the rate constants for the six 
membered ring formation by intramolecular homolytic displacement at sulphur in the 
corresponding radicals 203 , 209 , 234, and 235. Here again , the rates of cyclisation 
of the two disulphides at 50 0 C (entries 5 and 6) are faster than those of the two 
thioesters at the same temperature (although this value was not calculated, one could 
estimate it by the value of ~ at 104 0 C). As was explained for the five membered 
ring formation , this observation can also be rationalised in terms of the energies 
involved in the breaking of the old bond and the forming of the new bond. 
In each system studied, the formation of the five membered ring by the 
substitution process at sulphur is faster than that of the corresponding reaction 
affording the six membered ring by a similar reaction (entries 1 and 5 , 3 and 7, 4 
and 8). This is a direct result of the entropy changes in each system. When 
compared to the five membered system, more entropy is lost in the six membered 
ring systems due to the restricted rotation of the extra CH2 rotor. It is interesting to 
note that the differences in the rate constants of the 5 and 6 membered ring 
formation by intramolecular homolytic displacement at the sulphur centre in 
disulphides (emries I and 5) and thioesters (emires 3 and 7, 4 and 8) are equal ro 
those observed in 5-hexenyl and 6-heptenyl systems. 12 
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The only report on similar substitution reactions at the sulphur atom in 
thioester substrates is by Tada and co-workers. 105 In model studies fo r the 
coenzyme B12 mediated rearrangemem of a thioester group , they found that phenyi 
and (alkylthio)carbonyl groups rearrange competitively ro a neighbouring radical 
centre. In the absence of a cobalt complex, a phenyl group rearranges in preference 
to an (alkylthio)carbonyl group while the opposite happened in the presence of a 
cobalt complex. 105 They also reported the existence of two major modes of 
intramolecular radical attack at an alkylthioester group: attack on the carbonyl to 
give a thioester rearranged product and attack on sulphur to give a /3-thiolactone. lOS 
Since both these processes share rather similar stereochemical requiremems, they 
concluded that the position of attack. carbonyl or sulphur, must depend on a delicate 
consequence of stereochemical effects. 
If one considers the thioester systems studied in this work, (Fig. 9), one 
could argue that the attack on the sulphur atom would be favoured over that on the 
carbonyl group. In radical 238, the attack on the carbonyl requires a six membered 
transition structure (240) whereas that on the sulphur only requires a five membered 
transition structure (239). Hence, in these systems, the radical attack would 
predominantly occur at the sulphur atom. Similarly, in radical 241, the attack on the 
carbonyl requires a seven membered transition state 243, whereas that on the sulphur 
only requires a six membered one, 242. Hence , although both processes are not 
very favourable, the attack on sulphur would be favoured over that on the carbonyl in 
each case because of the more favourable energy changes associated with formation 
of the smaller possible ring. 
Table 17. 
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The rate constant for intermolecular homolytic displacement at the S-S 
80. 
bond of .!!-BuSSBu-.!! (entry 2 , Table 17) is lower than that of PhSSPh (entry 1, 
Table 17). This observation can be explained on the basis of the stability of the 
radical being formed . Essentially , the energies involved in the formation of the new 
bonds would be similar in both systems . Yet , in the PhSSPh system, the radical 
being formed is a stabilised phenylthiyl radical whereas in the .!!-BuSSBu-.!! system, it 
is only a primary alkylthiyl radical . Hence , the formation of the phenylthiyl radical , 
by the intermolecular homolytic substitution at the S-S bond of PhSSPh is favoured 
over the formation of the butylthiyl radical by a similar substitution at the S-S bond 
of n-BuSSBu-n. 
- -
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If one uses the same argument. the rate of substitution at the S-S bond in 
!-BuSSBu-! should be equal to that of ~-BuSSBu-~ and slower than that of PhSSPh . 
This is in contrast to the results obtained. which implies that the rate constant for the 
!-BuSSBu-! system be lower than that for the ~-BuSSBu-~ system. This could more 
likely be a steric effect rather than a stereo-electronic effect. The large steric bulk of 
the two !-butyl groups probably hinders hexyl radical attack on the S-S bond, which 
in tum gives a low rate constant. 
Some detailed kinetic studies on similar reactions were also carried out 
independently by Russell and co-workers. 103a and Perkins and co-workers. 103b In 
both of these studies, the S-hexenyl radical clock, in which the bimolecular reaction 
of S-hexenyl radical with the dichalcogenide competes with cyclisation, for which the 
rate constant is known. In one investigation , the hexenyl radicals were generated by 
thermolysis of the corresponding heptenoyl peroxide; I03b the other employed a 
photoinitiated chain reaction with hexenylmercury(ll) halides in which the 
chalcogenyl radical displaces the hexenyl from mercury.103a In both cases the rate 
constant for the bimolecular process could then be calculated from a knowledge of 
the ratio of the products and the concentration of the dichalcogenide. The rate 
constant for the reaction of primary alkyl radicals with diphenyl disulphide was - 105 
M- 1 s-1 at 80 DC from both these studies. Comparison of these results with our 
results indicate that ~sPhSSPh calculated by the thiohydroxamic ester method is 
almost an order of magnitude higher than those calculated by the S-hexenyl radical 
clock method. This could be a result of the use of an intermolecular radical clock in 
the present study, in comparison to an intramolecular radical clock in the other 
study. Due to the differences in the effective concentrations and other factors, it is 
not surprising that the values calculated by the two methods are slightly different 
from one another. 
Finally the significance of these displacement reactions in the formation of 
the thiazolidine ring in the biosynthesis of penicillin could be explained as follows. 
The results of Franz et al,38 Beckwith and Best58 and the present study imply that 
alkyl radicals containing suitably disposed sulphide and thioester groups undergo ring 
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closure too slowly to have any biosynthetic significance. On the other hand. alkyl 
radicals containing a suitably disposed disulphide bond undergo relatively fast ring 
closure (l 06.1 08 s· l ) and hence may be implicated in the fo rmation of the 
thiazolidine ring of penicillin. This argument is in fact further supported by the rate 
values obtained by Baldwin et al54 .55 for the cyclisation of a modified /3-lactam 
substrate in the presence of isopenicillin N synthetase, 1 xl 07 s -1. One has to take 
note of the fact that the rate of the biological process could be accelerated due to the 
two reaction centres being held in close juxtaposition at the active site of the enzyme , 
such that the alkyl radical attack on the sulphur atom occurs as soon as it was 
formed. 
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Similarly the gem dimethyl effect or the Thorpe·Ingold effec29 probably 
increases the rate of cyclisation in the penicillin system. It is well known that the 
presence of such gem dimethyl groups enhance the rate of cyclisation . Accordingly. 
if there were two methyl groups in the disulphides studied, the rate of cyclisarion 
would be even greater. In a similar manner thioester systems containing a gem 
dimethyl group may also cyclise faster than the ones that have been studied. The 
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preparation of the corresponding thioesters was carried out successfully. by the 
addition of thiobenzoic acid and thioacetic acid to 245 . Preliminary work utilising 
247 indicates that the radical 248 cyclises faster than the corresponding radical 
lacking the two methyl groups , 224 . However, further work has to be carried out in 
order to calculate an accurate rate constant for this cyclisation . 
2.6. Preparation of the radical precursors and authentic samples. 
The two symmetrical disulphides 164 and 165 were prepared by oxidising 
the corresponding thio1s 252 and 253 . The oxidation was carried out by heating the 
thiol in an excess of dimethyl su1phoxide at 100 0 C for 16 h. 120 When the reaction 
mixture was cooled and poured into an excess of ice cold water, the corresponding 
disulphide precipitated out as a white solid . The preparation of the thiols 252 and 
253 was conducted according to a procedure described by Oanehy et al121 in which 
the bromoacids 250 and 251 respectively were heated with thiourea followed by 
treatment with strong base. 
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The two unsymmetrical disulphides 254 and 255 were prepared according to a 
procedure described by Sunner et al l22 in which an excess of t-BuSSBu-t was heated 
- - -
with the appropriate symmetrical acid disulphide at 100 0 C for 16 h in the presence 
of a catalytic amount of iodine. The unsymmetrical disulphides thus obtained were 
purified by column chromatography. 
The two unsymmetrical disuiphides 258 and 259 were prepared according 
to a procedure described by Mukaiyama and Takahashi I 09 in which either thiophenol 
or E-butane thioi was allowed to react with 5-mercaptopentanoic acid with the 
mediation of diethyl azodicarboxylate. 
Scheme 57 
ASH + 
/C02Et 
N=N 
EtCO/ 
EtC02, /H 
2m 
/N-N, 
AS C02Et 
A, /"v/"vCOli S-s 
~.a. A.Ph 
~ A.C4Hg 
ill 
+ 
f-5/"v/"v COii 
ill 
EtC02, /H 
/N-N, 
H C02Et 
2..2.Q 
The thiohydroxamic esters of these acids were prepared by the acid 
chloride method 117 in which the acid chlorides were allowed to react with the 
thiohydroxamic acid in the dark. These esters were purified by column 
chromatography under low light intensity conditions. 
The attempts to prepare the thiohydroxamic ester of thioctic acid 
according to the above process yielded a sticky oil. Hence, an alternative method 
was employed in which the carboxylic acid, N-hydroxypyridine thi.one, DCC and 
DMAP were used. II8 This mixture was heated at reflux and the products were 
isolated by column chromatography. 
f 122 Compounds 181 and 205 were prepared by the procedure 0 Sunner 
(as in Scheme 56) and 187 was prepared by the method of Mukaiyama and 
Takahashi 109 (as in Scheme 57). 
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The thiohydroxamic ester of heptanoic acid was prepared by the acid 
chloride method. 117 The sulphides 221 , 220 and 261 were prepared 123 by the 
reaction of hexyl chloride with the corresponding thiol, .!!-butyl thiol, thiophenol, and 
!-butyl thiol whereas the back-ground addition product 219 was prepared by heating 
a solution of 217 in degassed benzene while being irradiated with UV light. 
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The thioester substrates were prepared by the reaction of the 
corresponding bromoacids with the thiolate anions of thiobenzoic acid and thioacetic 
acid as outlined in Scheme 59. The thiohydroxamic esters of these systems were 
prepared by the DCC/DMAP method. 118 
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CHAPTER 3 
88. 
SOME INTRAMOLECULAR HOMOLYTIC DISPLACEMENT REACTIONS BY 
VINYL RADICALS. 
3.1. Introduction. 
As was mentioned in the Introduction, the study described in this chapter 
was undertaken with the aim of understanding the kinetic aspects and the mechanism 
of intramolecular homolytic substitution at sulphur centres by vinyl radicals. Methyl. 
S-butyl and benzyl groups were chosen as the leaving groups in order to study the 
effect of the leaving group on the rate of displacement reactions. Details of the 
study on the compounds which are suitably constituted for five membered ring 
formation are outlined in section 3.2 and those suitably constituted for six membered 
ring formation in section 3.3 of this chapter. Section 3.5 describes the synthesis of 
the radical precursors and the authentic samples for the comparison with reaction 
products. 
3.2. Studies on compounds suitably constituted for five membered ring 
formation. 
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As stated earlier, the following work was undertaken to elucidate the 
mechanistic and kinetic details of five membered ring formation by intramolecular 
homolytic displacement at sulphur centres in vinyl radical substrates and to 
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investigate a possible synthetic route to fused t3 and y-lactam ring systems. The 
pyrrolidinones 266. 267. 268 and the azeridinone 269 were chosen as the radical 
precursors for this work. The expected cyclised products are the fused ring systems 
270 and 271. 
3.2.1. Results. 
The data available on the rates of vinyl radical additions68a and 
displacements65 indicate such reactions to be relatively fast. Based on these 
observations one could expect the vinyl radicals 272, 273 and 274 to undergo fast 
ring closure by intramolecular homolytic displacement at the sulphur centre. 
Accordingly the 5-alkylthio and 5-benzylthio substituted pyrrolidinones 267 , 266 and 
268 were initially treated with stannane (various concentrations, 1.2 eq) , in degassed 
boiling benzene with a trace of AIBN. Since the radical precursors as well as the 
cyclised and reduced products decomposed in the GC , the products were analysed by 
isolation and comp<¢son with authentic samples. All yields quoted throughout this 
work unless otherwise stated are isolated yields. Each of the reactions yielded the 
corresponding reduced compounds 276, 275, and 277 as the major product while 
varying amounts of the cyclised product 270 were isolated as the minor product. 
The presence of the reduced compounds was confIrmed by the comparison of their 
spectral data with those of aurhentic samples. The structure of the cyclised 
compound was determined by its micro-analytical data and spectral data. The mass 
spectrum showed a peak at mlz = 155 (M+ ). The 13C NMR spectrum had a 
characteristic carbonyl carbon resonance (176.7 ppm) and two vinyl carbon 
resonances (146 .2 and 103.3 ppm), but the resonances due to the leaving groups 
(!-butyl, benzyl and methyl) were not present. Similarly, the resonances due to the 
procons of the leaving groups were not observed in the ' H NMR spectrum. The IR 
spectrum showed a characteristic amide carbonyl stretch (17 10 cm -1) and a C = C 
stretch (1615 cm- 1). 
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Two striking features common to all these reactions were the low mass 
balances and the isolation of unreacted starting material. In order to understand the 
reaction path better, the above experiments were repeated with tri-~-butyltin 
deuteride. 
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When 267 was treated with deutero stannane (0.03 M, 0.95 eq) in 
degassed benzene at 80 0 C with a trace of AIBN, a mixture of the reduced 
compound and the cyclised product 270 was fonned in a ratio of 3 : 1. Even though 
conditions that would overcome poor chain propagation processes were employed, 
such as the irradiation of the reaction mixture with UV light as well as heating (6 h). 
and the addition of AIBN (2-3 portions) during the course of the reaction, unreacted 
starting material (- 20%) was isolated and the overall mass balance was poor (70%). 
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The 2H NMR spectrum of the isolated reduced compound in benzene showed onl y 
one peak (- 6 ppm) corresponding to the directly reduced compound 27!!LS. The 
absence of signals at 6 - 1.3 ppm and - 2. 6 ppm corresponding to '2.72C and 
deuterium incorporation at C-3 and C-4 of the pyrrolidinone ring respectively 
indicates that the processes leading to these compounds are unfavourable. 
Treatment of the 5-benzylthiopyrrolidinone 266 with tri-.!!-butyltin 
deuteride (0.03M , 0.95 eq) under conditions similar to those used for 267, yielded a 
mixture of the reduced product and the cyclised product 270 in a ratio of 1 : 1. 
Once again unreacted staning material (- 18 %) was recovered after the reaction and 
the mass balance was rather low (55%). The 2H NMR spectrum of the above 
mixture in acetone showed signals at - 6 ppm and - 4 ppm corresponding to 282 and 
283 in a ratio of 4 : 1. This implies that a relatively fast 1,6 hydrogen atom transfer 
from the benzylic position takes place. This observation is not surprising since the 
product radical is stabilised both by the neighbouring phenyl ring and the sulphur 
atom:92 No 1,5 hydrogen atom transfer from either of the two heterocyclic ring 
carbons was observed. 
Scheme 62 
~ 
CH2Ph C~Ph CHPh I I I 
v.~ Bu3Sn • ~~ 1,6 H ~~ transfer 
0 ~ 0 2ll °Zll 
;/ to 8u:JSnD 8u3SnD 
~Ph CHDPh 
I I y.-J- ~~ ~~ 
0 ZlJl o z.a2 O~ 
+ • CH2Ph 
92 . 
Treatment of the 5-methylthiopyrrolidinone 268 with tri-.!!-butyltin 
deuteride (0.03 M, 0.95 eq) under similar conditions yielded a mixture of the 
reduced compound and the cyclised compound 270 in a ratio of 4 : I . The chain 
propagation was inefficient resulting in the isolation of unreacted starting material 
(-12 %) after the usual reaction times and the mass balance was low (60 % ) . The 2 H 
NMR spectrum of the reduced compound in benzene showed the presence of 274 B 
(- 5.5 ppm) and a trace ofn4c.(- 1.5 ppm) . As expected on the basis of the 
stability of the radical formed, the amount of deuterium incorporation into the 
methyl group of 268 is lower than that into the benzylic group of 266. Once again 
no products due to 1,5 hydrogen atom transfer from the heterocyclic ring carbons 
were observed, (Scheme 63) 
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Treatment of the corresponding f3-1actam system , 4-benzylthioazetidinone 
269 with tri-.!!-butyltin hydride (0.03M, 0.96 eq) yielded the reduced compound 278 
(31 %) and a trace amount of the cyclised product 271 (Scheme 64). Unreacted 
starting material (20 %) was also isolated. The mass balance of the reaction was low 
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(60 %) indicating that the decomposition of either one or both reaction products was 
taking place. 
Scheme 64 
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Inefficient chain propagation and low mass balances were common to 
reactions of all four compounds with stannane. A reason for the low mass balance 
could be other competing pathways possible for the radicals 272, 273 and, 274 
which would result in the decomposition of the molecule , ego internal hydrogen atom 
transfer. One possibility is that 1,5 hydrogen atom transfer from one of the two ring 
carbon atoms might lead to ring opened products. However, the fact that no 
deuterium incorporation at ring positions in any of the pyrrolidinone systems studied 
suggests that this hypothesis is probably not valid. Another possibility for 274 is 1,7 
hydrogen atom transfer from the !-butyl group which then might yield other 
decomposition products such as the corresponding thiol,83 but no such compounds 
were isolated. All three radical precursors, the reduced compounds and the cyclised 
compound were found to be stable to heat under the conditions used. 
One might expect that the use of an excess of stannane and of frequent 
additions of the initiator, would overcome the problem of inefficient chain 
propagation. Although this is a general observation for radical reactions, it is not 
suitable for the systems studied: because the excess stannane might attack the double 
bond of either the cyclised or the reduced compounds, or the sulphur atom of the 
reduced compound. Since it is known that sulphur stabilises adjacent radical 
centres,92 one would expect the cyclised product to be more susceptible to tin attack 
than either the starting material or the reduced compound, as the radical thus 
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produced is both a tertiary radical and stabilised by the neighbouring sulphur atom. 
In accord with this hypothesis. the treatment of a pure sample of the cyclised product 
with stannane under the usual conditions. yielded various products as detected by 
thin layer chromatography. The reduced compounds under similar conditions were 
also observed to decompose , but to a lesser degree. In the light of this experiment 
we conclude that both the inefficient chain propagation and the low mass balances 
observed in the reactions of 272, 273 , and 274 probably result from the further 
attack of tin centered radicals on the initially formed cyclised and reduced products. 
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In the pyrrolidinone series , the values of C / U decrease down the series 
benzyl > ~-butyl > methyl. The calculation of approximate rate constants for the 
intramolecular homolytic displacement at sulphur by vinyl radicals to yield five 
membered rings in these pyrrolidinone systems 267, 266 and 268 was not possible. 
Yet, since all reactions were conducted under similar conditions, the C / U ratio can 
be taken as a reflection of the relative rates of cyclisation. The values obtained 
appear to be related to the strengths of the S-C bond undergoing fission , which vary 
in the following manner, S-benzyl < S-~-butyl < S-methyl. This relationship is 
what would be expected if these displacement reactions involving vinyl radical attack 
on the sulphur atoms follow a concerted mechanism. The data available on the 
intramolecular homolytic displacement at sulphur centres by alkyl38 and aryl radicals 
illustrate a similar trend. All these results strongly support the proposal that the 
intramolecular homolytic displacement at sulphur proceeds via a concerted 
mechanism rather than a two step mechanism involving an intermediate. For each 
different type of radical. the transition state of the cyclisation reaction probably 
varies from being product-like to reactant-like . 
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Comparison of the rate of cyclisation of the pyrrolidinone 266 with that of 
the azetidinone 269 is not straight forward. The amounts of 270 and 271 formed , on 
the treatment of 26" and 269 respectively with stannane should be a reflection of 
their rates of formation , if one assumes that the rates of decomposition of the two 
cyclised products 270 and 271 are similar to each other. While substantial amounts 
of 270 and only traces of 271 were observed on the treatment of 266 and 269 
respectively with stannane under similar conditions , one can conclude that the rate of 
ring closure to yield the five membered ring in the pyrrolidinone system 266 is faster 
than that in the corresponding azetidinone system 269. This could be attributed to 
the non-linear geometric disposition of the three centres required for the reaction in 
the azetidinone system in comparison to the pyrrolidinone system. 
Figure 12 
Me 
I 
S v.~ 
o 2.1.4 
o o 
The stannane promoted cyclisation of the closely related aryl 
pyrrolidinone 281A , was observed to yield the cyclised product exclusively83 while 
the alkyl pyrrolidinones 281 B and 281 C yielded the uncyclised compounds as the 
major products. 58 It appears from this comparison of the product distribution in the 
alkyl, vinyl and aryl pyrrolidinone systems shown in (Fig. 12) that the rates of 
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intramolecular homolytic displacement at the sulphur centre are in the order, aryl > 
vinyl > alkyl. This trend agrees with the data available on the rates of aryl. vinyl 
and alkyl radical addition reactions to mUltiple bonds. 
Comparison of the product distribution in the closely related azetidinone 
compounds is not possible. Little is known about the alkyl radical (287) cyclisations 
since the preparation of the starting materials proved to be difficult. 58 The 
4-methylthio substituted aryl system (284) gave no cyclised product at all83 while in 
the i-butyl substituted system(285), 1,7 hydrogen atom transfer from the i-butyl 
group to the radical was much faster than cyclisation. 83 The vinyl compound studied 
(286) yielded only traces of the cyclised product. These results imply that rates of 
fonnation of 4 ,5 fused ring systems by these radical displacement reactio·ns are very 
slow. This can be attributed to the geometrical disposition of the azetidinone ring 
system which disfavours the necessary requirement for the cyclisation, namely the co-
linear arrangement of the three centres involved. 
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3.3. Studies on compounds suitably constituted for six membered ring fonnation. 
Having studied five membered ring formation by intramolecular homolytic 
displacement at sulphur by vinyl radicals , we then focussed our attention on such 
ring closures expected to yield six membered rings. In order to provide a direct 
comparison with our studies of five membered ring formation , 288, 289 , 290 and 
291 were chosen for this work. The expected cyclised products are 292 and 293 
containing endocyclic double bonds . 
Figure 14 
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The initial experiments on the pyrrolidinone compounds 288 . 289 and 290 
with tri-E-butyltin hydride (various concentrations . 1.2 eq) in degassed boiling 
benzene with a trace amount of AlBN did not yield any of the expected cyclised 
product 292. In each case the thiocarbonyl compound 297 was isolated as the major 
product, but varying amounts of the reduced products 275. 277 and 276 were also 
obtained. Mass balances were reasonable and unreacted radical precursors were 
recovered in all experiments. implying that chain propagation is inefficient. as in the 
earlier compounds studied. Once again all radical precursors and products were 
found to be unstable in the gc. The presence of the reduced compounds was 
confIrmed by comparison of their spectral data with those of authentic samples while 
the presence of the thiocarbonyl compound 297 was deduced from its spectral data. 
The mass spectrum contained a peak at m/z = 155 (M+) . The l3C NMR spectrum 
showed characteristic resonances for the thiocarbonyl carbon (210 .1 ppm). the amide 
carbonyl carbon (178.2 ppm) and the vinyl carbons (129.6 and 119.1 ppm) . The IH 
NMR spectrum was compat ible with the expected distribution for the four 
pyrrolidinone protons and also revealed the absence of the proton attached to the 
carbon next to the sulphur atom. The IR spectrum indicated a characteristic amide 
carbonyl stretch (1755 em-I) and a C=C stretch (1645 em-I) . 
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The formation of the thiocarbony,l compound 297 must involve 1,5 
hydrogen atom transfer from the ring position adjacent to sulphur to the vinyl radical 
followed by t3-scission of the S-C bond of the resultant tertiary radical . Beckwith and 
Boate also observed such thiocarbonyl compounds in their aryl radical system. 83 
Although it was the major product, they also isolated a small amount of the cyclised 
product (Scheme 67a). 
In order to obtain a better understanding of the internal hydrogen atom 
transfer processes and other mechanistic details of these reactions , the above 
experiments were repeated with tributyltin deuteride. Treatment of a mixture of the 
geometric isomers of the 5-S-butylthiopyrrolidinone 288 with tri-.!!-butyltin deuteride 
(0.03 M, 0.95 eq) yielded the thiocarbonyl compound 297 (- 44%) as the major 
product and the reduced compound (- 7%) as the minor product; none of the 
cyclised product was observed. Unreacted radical precursor (40%) was isolated 
indicating that the chain propagation was inefficient (Scheme 67b) 
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The 2H NMR spectrum of the isolated reduced compound in benzene 
indicated deuterium incorporation only at the original radical site (- 5 ppm), yielding 
305 (Scheme 67). A resonance (- 4 - 4.5 ppm) corresponding to deuterium 
incorporation at the pyrrolidinone C-5 position 306 was not observed. This indicates 
that radical 304 undergoes ~-fission faster than being trapped by stannane to yield 
306. The absence of any deuterium incorporation at the 3 and 4 carbons of the 
pyrrolidinone ring indicate that 1,6 hydrogen atom transfer from these carbons is not 
fast enough to compete with the fast direct reduction and 1,5 hydrogen atom 
transfer. The absence of'-,'-~ indicates the non-occurance of the 1,8 hydrogen atom 
transfer process. The following relationship between the rate constant of 1,5 
hydrogen atom transfer, ~1 , 5 ' and that of deuterium atom transfer form stannane, 
~D ,94d is in accord with the reaction mechanism ; 
[C] = ~1 . 5 / ~D In { ( [SM]o + ~1.5 / ~D ) / ( [SMlr + ~1 .5 / ~D ) } ~---3.1 
in which ; [C] is the concentration of 1,5 hydrogen transfer product and [SM]o and 
[SMlr are the initial and final concentrations of the starting material respectively. 
The total concentration of the thiocarbonyl compound 297 and 306 were taken as the 
concentration of the 1,5 hydrogen transfer product. An approximate value for the 
rate constant for the 1,5 hydrogen atom transfer at 80°C is 3.6 x 107 s-I .94d 
Treatment of a mixture of the cis and trans isomers of 
5-methylthiopyrrolidinone 289 with tri-,!!-butyltin deuteride (0.03 M, 0.95 eq) , 
yielded the thiocarbonyl compound 297 (- 28 %) and the reduced compound (-
30 % ). U nreacted radical precursor (24 %) was recovered after the reaction but none 
of the cyclised compound was observed. The 2H NMR spectrum of the reduced 
compound isolated indicated deuterium incorporation in the original radical site 308 
as well as at the 5 carbon of the pyrrolidinone ring 309 in a ratio of 1 : 6.5 . No 
deuterium incorporation at the methyl group2.74C and at the 3 and 4 ring carbon 
atoms was apparent. Once again the mechanism of the reaction is such that the rate 
constant for 1,5 hydrogen atom transfer, ~1 .5' and that for deuterium atom transfer 
from stannane, ~D ' are related as indicated in equation 3.1. An approximate value 
calculated for the rate constant of 1.5 hydrogen atom transfer at 80 0 C is 
6. 3 x 107 S - I .94d 
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Treatment of a mixture of the cis and trans isomers of the 
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5-benzylthiopyrrolidinone 290 with tri -~-butyltin deuteride (0.03 M, 0.95 eq) yielded 
the usual products , the thiocarbonyl compound 297 (- 40 %) and the reduced 
compound (- 15 %). While no cyclised product was observed, unreacted radical 
precursor (- 38 %) was recovered after the reaction . The usual 2 H NMR spectrum of 
the isolated reduced compound in benzene revealed deuterium incorporation at the 
original radical site (311), at carbon five in the heterocyclic ring (312) and at the 
benzylic carbon 283 in a ratio of 5.5 : 1 : 3.75 respectively. No deuterium 
incorporation at C3 and C4 of the heterocyclic ring was observed (Scheme 69). 
Deuterium incorporation at the benzylic position indicates that the 1,7 hydrogen 
atom transfer process is fast enough to compete with the other fast bimolecular and 
unimolecular hydrogen atom transfer processes. According to the mechanism of this 
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reaction , the total of the rate constants of the unimolecular processes , ~ , is related to 
the rate constant for the deuterium atom transfer from stannane , ~D' in the following 
manner: 
rCl = ~ / ~D In { ( [SMlo + ~ / ~D ) / ( lSMlr + ~ / ~D ) } 
in which ; [C] is the total of all the products from the unimolecular processes , ([297] 
+ [312] + [283]); k is the total of all unimolecular rate constants ~1,5 + ~1 , 7) and 
[S M]o and [SMh are the initial and final concentrations of the starting material . 
Approximate rate constants for the 1,7 hydrogen transfer and the 1,5 hydrogen 
transfer at 80°C are 4 x 106 s-I and 3 x 107 s- l respectively,94d 
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Treatment of the 4-benzylthio-2-azetidinone 291 with tri-E-butyltin 
hydride (0 .031 M , 0.98 eq) yielded a mixture of the cyclised product 293 (~ 30 %) 
and the reduced compound (~ 31 %) in a ratio of 1 : I . Unreacted starting material 
(26%) was also recovered. The 2H NMR spectrum of the reduced compound 
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isolated from the reaction mixture after the treatment of 291 with tri-.!:! -butyltin 
deuteride (0.03 M. 0 .95 eq), indicated deuterium incorporation at the original radical 
site 3 16 . at ring C4 centre 3 18 and at the benzylic posi tion 317 in a ratio of 
4 : I : 1.8. The following relationship of the rate constants of the unimolecular 
processes , ~. and the rate constant of the bimolecular deuterium atom transfer from 
stannane, ~D ' is in accord with the reaction mechanism; 
[C] = ~ / ~D In { ( [SM]o + ~ / ~D ) / ( [SM1r + ~ / ~D ) } 
in which [C] is the total concentration of the products from the unimolecular 
processes {[293] + [318] + [317]} ; [SM]o and [SMlr are the initial and final 
concentrations of the starting material and ~ is the total of the rate constants of all 
unimolecular processes <&: + ~1 , 5 + ~I ,7)' Approximate values calculated for the 
rate constants for the ring closure <&:) , 1,5 hydrogen atom transfer ~1 . 5) and the 1,7 
hydrogen atom transfer ~1.7) processes at 80°C are 1.32 x 107 s-l, 2.1 x 106 s-I 
and 3.6 x 106 5- 1 respectively. 94d 
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Table 18. 
Radical 
precursor 
289 
288 
290 
291 
29883 
291A83 
1.32 
20 
3 
CH2 Ph I p.:y 
291 B Br 
k1.S (x 107 S- I) 
(D % at C-5) 
[297 %] 
6.3 
(- 87) 
[28] 
3.6 
(-) 
[44] 
3 
(- 10) 
[40] 
0.21 
40 
2 
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recovered 
starting 
material 
24 % 
40 % 
4 38 % 
3.6 
291 A Br 
-
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The amount of deuterium incorporation at the 5 position of the 
heterocyclic ring as a percentage of the total reduced compound in the methylthio 
system 289. 5-butylthio system 288 and the benzylthio system 290 is 87 %. 0 % and 
- -
10% respectively. These values can be rationalised in terms of the relative rate 
constants of the competing processes available to the intermediate radicals 295 , 294 
and 296 namely, a) ~-fission to give the thiocarbonyl compound and a carbon 
centered radical, and b) deuterium atom transfer from tributyltin hydride. The 
relative magnitudes of rate constants for the fission process should reflect the 
stabili ties of the carbon centred radicals formed namely, methyl < 5-butyl < 
benzyl. 37 On these grounds the expected rate constants for ~-fission are ~(methyl 
compound) < ~(!-butyl compound) < ~(benzyl compound). In separate experiments 
it has been shown that hydrogen atom abstraction from one alkyl group of a sulphide 
is subjected to steric hindrance by the other alkyl group. 124 Hence, the expected 
pattern of rate constants for reaction b) is ~(methyl compound) > ~(benzyl 
compound) > ~(!-butyl compound). The experimental results show that this steric 
effect is sufficiently large in the case of the 5-butyl group to outweigh the 
differences in the reactivity associated with the relative stabilities of 5-butyl radical 
and benzyl radical. 
The amounts of the thiocarbonyl compound formed in each system are in 
accord with this hypothesis. The least amount of it was observed in the methyl 
system (28%) followed by the benzyl system (40%) followed by the 5-butyl system 
(44%). 
The reasons for the pattern observed in the rate constants of 1,5 hydrogen 
atom transfer in the vinyl pyrrolidinone systems 289, 288 and 290 are not very clear. 
The faster rate in the methyl compound may be due to low steric constraints. Based 
on this argument the rate in the 5-butyl system should be slower than that of the 
benzyl system, but the calculated value shows that it is faster. 
The rate constant for the 1,5 hydrogen atom transfer in the azetidinone 
system 3 13, is almost an order of magnitude lower than its pyrrolidinone analogue 
296. This could once again be attributed to the non-linear disposition of the three 
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centres involved in the hydrogen atom transfer process. It is known that the carbon-
hydrogen bonds of smaller rings such as the cyclopropyl ring , are stronger than other 
similar C-H bonds. 125 Accordingly it may well be that the strengths of C-H bonds in 
the smaller azetidinone rings are higher than those of the corresponding 
pyrrolidinone rings . 
The occurance of 1,7 hydrogen atom transfer in the benzylic 
pyrrolidinone system 296 and the absence of it in the methyl system 295 is 
understandable , since the radical thus produced 281 is a more stabilised benzylic 
radical when compared to the radical:n4A produced in the methyl system. 
Comparison of the product distribution of the 5-benzylthiopyrrolidinone 
290 and the 4-benzylthioazetidinone 291 , indicates that the ring closure is favoured 
in the azetidinone system. This could either be due to the rate of the ring closure 
being faster or due to the rates of other competing pathways being slower in this 
system. Although the rate of 1,7 hydrogen atom transfer of the azetidinone system 
~1.7 = 3.6 x 106 s-I) is only slightly slower ~1.7 = 4 x 106 s-I), the rate of 1.5 
hydrogen atom transfer ~ 1,5 = 2. 1 x 106 s -I ) is much slower than that of the 
pyrrolidinone system ~1.5 = 3 x 107 s-I), thus favouring the cyclisation process. 
Results of Bachi126 ,127 and Beckwith80 also reveal that the six membered ring 
fonnation in azetidinone systems is favoured over the five membered ring fonnation. 
The rate constant for the cyclisation of the benzylthio substituted aryl 
azetidinone 291B is not known but that for the methylthio substituted compound 
291A is known .83 According to the kinetic results stated in the fust chapter, and the 
observations stated in section 3.2 , a compound with a benzylic leaving group would 
undergo cyclisation faster than that with a methyl leaving group. Hence, the 
benzylthio substituted aryl azetidinone 291B should undergo cyclisation at a faster 
rate than the methylthio substituted compound 291A ~ = 3 x 107), ie , ~ for 291B 
should be > 3 x 107 . Comparison of the rate constant for the cyclisation process of 
this system with that of the corresponding vinyl system 291 lke = 1.37 x 107 s-l) 
indicates a slower rate for the vinyl system. Similarly the rate of the 1,5 hydrogen 
transfer process for the aryl system 29lA ~1.5 = 2 x 107 s-l) is faster than that for 
the vinyl system 391. (~1.5 = 2.1 x 106 s-I ). These values agree with others 
observed for aryl and vinyl radical cvciisations. 
3.4. General trends. 
l07 . 
Inefficient chain propagation was observed to be a problem which 
occurred with all pyrrolidinone and azetidinone vinyl radical precursors studied. 
Except for one repon by Stork et al.62a there are no other repons that indicate 
inefficient chain propagation in other vinyl radical reactions. In their repon Stork et 
al stated that they isolated 13 % of the starring material from the reaction of 320 with 
stannane under high dilution conditions. 
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In more recent years Parsons et al66 reported a new approach to the 
synthesis of t3-lactam antibiotics, carbapenams and carbacephams by intramolecular 
vinyl radical addition to double bonds. They claim that the treatment of the t3-lacram 
323 with stannane and AIBN yields the l-o:-methylcarbapenam 325 by a regiospecific 
ring closure in the exo mode under photolytic conditions, while it yields the 
carbacepharn 324 by a regiospecific ring closure in the endo mode under thennal 
conditions. Based on the results of Bachi et al126 .127 and Beckwith et al , 80 they 
concluded that the thennal reactions proceed via a radical chain process while the 
photochemical reactions proceed via a more complicated photoexcitation process. 
One of the important considerations is the long reaction times necessary for the 
thermal reactions, four days in boiling toluene and five and a half days in boiling 
benzene. This could be considered as an indication 'of poor chain propagation as was 
observed in the the systems described in this chapter. As earlier mentioned since no 
other reports of such inefficient chain propagation of vinyl systems were known, and 
since this problem seems to occur mainly in t3-lactam and y-Iactam compounds. it 
could well be due to some steric or stereo-electronic factors common to these 
systems. 
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The reas,onable mass balance observed for the systems suitably constituted 
for six membered ring formation implies that the major reason for low mass balances 
in the systems suitably constituted for five membered ring formation is due to the 
susceptibility of the two cyclic compounds 270 and 271 to funher tin attack. This is 
understandable since the exocyclic double bonds of 270 and 271 would be easily 
approached by the stannane radicals in comparison to the endocyclic double bond of 
293. Although Parsons et al66b reported the observation of 100 % mass balance for 
the photolytic reaction , they only report the yield of the cyclised product for the 
thermal reaction. Assuming more initiator was added during this long period of 
heating , a moderate 58 % yield in boiling toluene after four days and 32 % yield in 
boiling benzene after five and a half days seem to indicate the stability of the 
carbacepham 324 to heat as well as to further tin attack. In comparison to this , 270 
and 271 seem to be more prone to stannane attack. This could be due to the 
stabilising effect of the adjacent sulphur atom92 in the resultant radicals of 270 and 
271. 
109. 
Figure 15 
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The following conclusions could be drawn from the results described in 
this chapter. 
This study does not supply significant details regarding the intimate nature 
of the mechanism of free radical reactions at sulphur centres by vinyl radicals. 
However, it is apparent that similar to other substitution reactions studied, the rates 
of substitution reactions at sulphur centres by vinyl radicals are dependent on the 
nature of the leaving group. Hence , one could argue that these reactions probably 
follow a concerted back-side attack mechanism. 
. Although the method employed here only resulted in modest yields of the 
cyclised products , it is attractive in terms of its simplicity , both in the preparation of 
precursors and its actual implementation. 
3.5. Methods of preparation of the radical precursors and authentic samples for 
the comparison with the reaction products. 
The pyrrolidinediones 327, 328 and 329 were prepared by the 
combination of succinirnide with the corresponding bro~o compound as shown in 
Scheme 73 . Purification by column chromatography gave the desired compounds in 
moderate yields (50-60 %). 
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The radical precursors suitably constituted for five membered ring 
formation were prepared as outlined in Scheme 74 . The reduction of the 
pyrrolidinedione 327 with sodium borohydride in methanol yielded the 5-hydroxy 
compound which was allowed to react with the corresponding thiol in the presence of 
a catalytic amount of para-toluenesulphonic acid monohydrate (2-TSA) at room 
temperature for 5-10 h. Flash chromatography on silica gel using hexane/ethyl 
acetate solvent gave the pure radical precursors in moderate yields (40-60 % ). These 
compounds were found to be sensitive to high temperatures and thus could not be 
distilled. 
Scheme 74 
c$~ 
o 
~ R=C(CH3h 
~ R=CH2Ph 
~R=CH3 
Authentic samples of the reduced compounds for comparison with reaction 
products, were prepared in a similar manner. Reduction of the pyrrolidinedione 329 
with sodium borohydride yielded the hydroxy compound 331 which was then treated 
with the corresponding thiol in the presence of a catalytic amount of E-TSA to give 
the desired compounds in moderate yields (40-50%). 
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An authentic sample of the cyclised product 270 was prepared by the 
treatment of 266 with tri-!!-butyltin hydride under high dilution conditions. The 
compound was purified by preparative hplc. 
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The radical precursors suitably constituted for the six membered ring 
fonnation were prepared as outlined in Scheme 76. Reduction of the pyrrolidinone 
328 with sodium borohydride gave the 5-hydroxy pyrrolidinone 332 which on 
treatment with the corresponding thiol and a catalytic amount of .2-TSA at ambient 
temperature for 5-10 h yielded the desired radical precursors 288, 290 and 289 as 
mixtures of the two geometric isomers as detected by NMR spectroscopy. Although 
the benzyl and the methyl systems did not show any preferential fonnation of either 
of the two isomers , the cis isomer of the !-butyl system was fonned in preference to 
the trans isomer. 
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The 4-benzylthio substituted azetidinone compound 333 was prepared in 
moderate yield by a SN2 process as outlined in Scheme 77 . The radical precursors 
291 and 269 and the reduced compound 278 were prepared by a nucleophilic 
substitution of the azetidinyl anion on the corresponding bromo compounds. 
Chromatography of the crude reaction mixture on silica gel gave the pure compound 
in low to moderate yield (- 30%-40%). The terminal bromide 269 was fonned as a 
mixture of geometric isomers. 
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CHAPTER 4 
l l3 . 
PREPARATION OF FUSED 13- AND y-LACTAlYI COMPOUNDS BY RADICAL 
CYCLISATION REACTIONS AND TESTS FOR THEIR BIOLOGICAL 
ACTIVITY. 
4.1. Introduction. ' 
The total synthesis of natural products , especially those exhibiting 
biological activity , has been a major driving force in organic chemical research . 
Some of the most successful syntheses have been modelled on biosynthetic pathways , 
and it is not surprising , therefore, that there has been much effort devoted to the 
elucidation of the biosynthesis of some of the more important families of antibiotics. 
A large team of workers at Oxford have concentrated their efforts on the t3-lactam 
antibiotics , and have been able to show that the last step in the biosynthesis of the 
penam system, the formation of the thiazolidine ring , involves S-C bond formation 
by attack of a carbon-centered radical at the sulphur atom. In the light of this 
information we decided to study the application of similar reactions to the 
preparation of model compounds of potential biological activity . This chapter 
describes these investigations and shows how homolytic displacement reactions at 
sulphur can be used to give modest yields of some interesting systems involving fused 
13- and y-Iactam rings. 
Early studies by Woodward et al,128 Pauling,129 Morin et al , 130 and 
Sweet and Dahl131 revealed some important structural aspects of biologically active 
f3-lactam antibiotics. The amide resonance is observed to be altered due to the strain 
in the f3-lactam ring such that the contribution from the nonpolar resonance structure 
334 is enhanced over that from. the polar form 335. The characteristic f3-lactam 
infrared frequency tends to be higher for those compounds with higher activity (it 
falls in the range 1776-1795 cm-1 and is high compared to those for monocyclic 13-
lactams and acyclic amides). The more active antibiotics tend to have a t3-lactam 
ring with a shorter C=O bond, a longer amide C-N bond and a more pyramidal 
nitrogen at the junction of the rings as observed by X-ray diffraction studies. All 
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these structural features were interpretable in terms of the relative unimportance of 
the resonance structure 335 in the more biologically active compounds. 
Figure 16 
All of the above observations suggest that the reactivity of the t3-lactam 
amide carbonyl group plays an important role in the biological activity of the t3-
lactam antibiotics. We therefore decided to employ systems with various substituent 
groups on the nitrogen atom and on the pyrrolidinone ring carbons, such that the 
carbonyl groups of these systems would have slightly different activities. Our 
studies on vinyl radical cyclisations of some t3-and y-Iactam compounds, the work by 
Beckwith and Boate83 on similar aryl radical cyclisations and Beckwith and Best58 on 
alkyl -radical cyclisations indicate that the best route for a synthetic process would be 
via aryl radicals due to their high ~ values. 
The work on the radical cyclisation of the t3- and y-Iactam compounds is 
described in section 4.2 and the details of the biological assay of the fused ring 
systems in section 4.3. Synthetic methods for the preparation of the radical 
precursors are outlined in section 4.4. 
4.2. Radical routes to some fused ~ and y-Iactam compounds. 
The amino side chain at C-6 of penicillin is thought to have a positive 
effect on the biological activity of penicillin. As a reasonable model for this we 
decided to prepare a y-Iactam compound 336 with an amino side chain attached to 
the carbon next to the carbonyl group. The precursor necessary for the preparation 
of 336 by the radical process employed is 337, which was found to be difficult to 
prepare. Therefore. it was decided to prepare 338 which requires 339 as the radical 
precursor which in turn could be prepared according to a simple method. These 
compounds are referred to as the y-Iactam compounds with a C-4 side chain. Work 
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on them and on the parent y-lactarn compounds with a phenyl 340 (Scheme 78) or a 
benzyl substituent 341 (Scheme 79) at the nitrogen atom is outlined in section 4.2.l. 
Fusion of the 3 and 4 carbon atoms of the y-lactarn ring with a phenyl ring provided 
another variation which was also synthetically convenient. For ease and clarity, these 
compounds will be referred to as phthalimide compounds (342 and 343 - Schemes 82 
and 81); the cyclisation studies on them are described in section 4.2.2. The work 
on the t3-lactam compounds 344 and 345 (Schemes 84 and 83) is outlined in section 
4.2.3 . 
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4.2.1. Radical cyclisation reactions of the parent y-Iactam compounds and those 
with a C-4 side chain. 
Since the aim of this work was to prepare fused t3- and y-lactam 
compounds by the cyclisation of the corresponding radical precursors; conditions 
which are thought to favour radical cyclisations such as low stannane concentrations 
were employed for all of these reactions. The crude reaction mixtures were 
chromatographed on silica gel with mixtures of hexane and ethyl acetate as eluents, 
and all quoted yields stated throughout this work unless otherwise specified are 
isolated yields. 
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Treatment of the parent pyrrolidinone system 340 (Scheme 78) with 
stannane (0.03 M. 1.2 eq) in degassed boiling benzene with a trace of AIBN for 6 h 
yielded one major product. This was identified to be the cyclised compound 346 
(80-85 %) from its spectral data . The mass spectrum showed a peak at mlz = 263 
which corresponded to the molecular ion peak and other peaks corresponding to 
various fragmentation products. The 13 C NMR spectrum revealed a characteristic 
amide carbonyl resonance (172.2 ppm), an ester carbonyl resonance (165.5 ppm) 
and other resonances corresponding to the rest of the carbon atoms. The I H NMR 
spectrum showed a characteristic downfield shift (- 6 ppm) for the resonance due to 
the proton attached to the carbon atom next to sulphur. in comparison to that of the 
starting material (- 5.2 ppm). It also showed the characteristic pattern observed for 
the three resonances due to the aryl protons. A resonance corresponding to the 
protons of the ~-butyl group was not observed in the I H NMR spectrum. 
Scheme 78 
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Treatment of the parent pyrrolidinone 341 (Scheme 79) with stannane 
(0.03 M, 1.2 eq) under the above conditions resulted a completely different product 
distribution. The thiocarbonyl compound 351 (- 65 %) was isolated as the major 
product and the cyclised compound 349 (15%) as the minor product. Traces of the 
reduced compound 348 (- 5 %) and unreacted starting material (- 10 %) were also 
isolated. The structure of 351 'was confirmed from its micro-analytical and spectral 
data. The 13C NMR spectrum showed the presence of characteristic resonances due 
to the thiocarbonyl carbon (210.2 ppm), the amide carbonyl carbon (178.5 ppm) and 
the ester carbonyl carbon (166.7 ppm) atoms. The I H NMR spectrum indicated a 
symmetrical distribution for the four aryl protons and the expected pattern for the 
117. 
four pyrrolidinone ring protons. Resonances corresponding to the protons of the s-
butyl group and the proton attached to the C-5 of the pyrrolidinone ring were not 
observed in the I H NMR spectrum . The IR spectrum revealed a characteristic ester 
carbonyl stretch (1750 cm- I ) and an amide carbonyl stretch (1715 em-I ). The 
structure of the cyclised compound 349 was determined from its spectral data, which 
showed the expected similarities to those of 346. The thiocarbonyl compound may 
be the result of a 1,5 hydrogen atom transfer from the C-5 of the pyrrolidinone ring 
to the aryl radical in 347 followed by a t3-fission of the S-(!-butyl) bond of the 
resultant tertiary radical (350). 
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Treatment of the major diastereoisomer of the y-Iactam with a C-4 side 
chain 339 , Scheme 80 , (in which the S-butyl group and the amino side chain are 
probably trans to each other) with stannane (0.03 M, 1.2 eq) under the usual 
conditions gave three major products. Isolation and structure determination of these 
compounds indicated that they were the reduced compound 355 (-20%), the cyc1ised 
I 18 . 
product 338 (-30 %) and the doubly reduced compound in which both the bromine 
atom and the alkylthio groups were displaced by hydrogen atoms 354 (- 30 %) . Since 
none of 353. the compound in which only the ~-buty lthio group was replaced by a 
hydrogen atom. was observed, it can be concluded that 354 probably arose from the 
funher reduction of the reduced compound 355. Comparison of these results with 
those of 340 , in which only the cyclised product was isolated, implies that this 
unexpected behaviour of 339 could be a secondary steric or electronic effect of the 
C-4 side chain. 
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The cyclised compound 338 was characterised by its spectral data, which 
showed the spectral similarities to those of 346. Most of the spectral data (1 H NMR, 
13C NMR and IR frequencies) of the reduced compound 355, are similar to those of 
the starting material. These da~a and the presence of a peak at m/z = 323 (M+ + 1) 
in the chemical ionisation (positive) mass spectrum along with other peaks for various 
fragments (mlz = 233, M+- (S-t-butyl); m/z = 201, M+- 's;'S-butyl + MeO) 
indicated that it was the reduced compound. The structure of 354 was confirmed by 
its spectral data. The mass spectrum had a peak at mlz = 234 which corresponded 
to the molecular ion peak. The chemical ionisation (positive) mass spectrum gave a 
peak at mlz = 235 which is the (M + + I) peak. The usual resonances were 
observed in the 13C NMR spectrum. The I H NMR spectrum did not show a 
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resonance corresponding to the protons of the ~-butyl group but it did show the 
upfield shift of the resonance due to the two protons at C-5 of the pyrrolidinone ring 
along with the other proton resonances. 
4.2.2. Radical cyclisation reactions of the phthalimide compounds. 
Treatment of the phthalimide 343 (Scheme 81 ) with stannane (0.03 M, 
1.2 eq) under the usual conditions yielded the thiocarbonyl compound 360 (-5-10 %), 
the cyclised product 358 (-20%) and an inseparable mixture of the reduced product 
357 and the unreacted starting material. Frequent addition of AlBN was required 
indicating a short chain length. The structures of these products were determined 
from their spectral data. 
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Treatment of the phthalimide 342 (Scheme 82) with stannane (0.03 M. 
1.2 eq) under similar conditions yieJded the doubly reduced compound. in which 
both the bromine atom and the t-butylthio group were replaced by hydrogen atoms. 
and an unidentifiable compound along with the unreacted starting material (- 30 %). 
The observation of unreacted starting material even after the frequent addition of 
AIBN implies that the chain propagation is not very efficient. The unidentifiable 
compound had a proton resonance - 5 ppm, which was too far upfield to be the 
proton attached to the carbon next to the sulphur atom either in the reduced 
compound or in the cyclised compound. 
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Although the phthalimide suitably constituted to yield a six membered 
ring 343 seemed to follow the expected radical path, the compound suitably 
constituted to form the five membered ring 342 seemed to give unexpected products . 
This could be due to the unfavourable geometric disposition (non-linear) of the three 
centres involved in the cyclisation process in 342. This could also be due to the 
higher ring strains and greater steric hindrance involved in 342. 
4 .2.3 . Radical cyclisation reactions of S-Jactam compounds. 
Our work on vinyl radical cyclisations and early studies by Beckwith and 
Boate58 on aryl radical cyclisations of S-lactam compounds indicate that the 
formation of 4 ,5 fused ring systems by intramolecular homolytic displacement at 
sulphur is disfavoured. Therefore only the /3-lactam precursors 344 and 345 , which 
would yield 4 ,6 fused rings as products of the radical reactions were chosen for the 
present investigation. 
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Treatment of 345 with stannane (0.03 M. 1.2 eq) under the usual 
conditions gave two major products. Their spectral properties indicated that they 
were the cyclised compound 365 (- 60 %) and the reduced compound 366 (- 35 %) . 
The cyclised product showed a peak at m/z = 249 (M+ ) in the mass spectrum. The 
13C NMR spectrum showed two carbonyl resonances (166.4 and 166.0 ppm), four 
alkyl carbon resonances and only six aryl carbon resonances. The 1 H NMR spectrum 
showed the characteristic pattern for the three aryl protons and a downfield shift for 
the proton attached to the carbon a~om next to the sulphur centre. The 13C NMR 
spectrum of the reduced compound showed two carbonyl carbon resonances, two 
benzylic carbon resonances and more than six aryl carbon resonances. The 1 H NMR 
spectrum showed the symmetric distribution of four aryl protons and one resonance 
for five aryl protons. It also showed a resonance corresponding to the benzylic 
group next to the sulphur atom. 
Scheme 83 
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Treatment of a mixture of the two diastereoisomers of 344 with stannane 
(0.03 M. 1.2 eq) under the usual conditions yielded a complex product mixture. 
The characterisation of the products isolated by careful chromatographic techniques 
indicated them to be the two diastereoisomers of the cyclised compound 368 (60-
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65 %) and of the reduced compound 369 (- 25 %) and probably traces of the staning 
material. 
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4.3. Biological tests on some selected j3-lactam and y-Iactam compounds. 132 
Since a free carboxy group is thought to be essential for the biological 
activity of penicillins and other similar antibiotics, attempts were made to hydrolyse 
the ester functionality of a cyclised compound 346. A solution of 346 (0 .1 mmol) in 
methanol (15 mL) and 10 % aqueous potassium hydroxide (5 mL) was heated at 40 
o C for 1 h. Acidification of the above solution followed by the extraction with 
dichloromethane (3 x 20 mL) gave only various decomposition products. Milder 
conditions such as, the use of sodium bicarbonate as the base and use of lithium 
thiomethoxide as a nudeophile , once again yielded only the decomposition products . 
In contrast , the radical precursor 340 was converted into the acid 370 in 
quantitative yield ( > 90 %) under similar conditions (KO H as the base). When the 
acid 370 was treated with stannane (0.03 M, 1.2 eq) in degassed boiling benzene 
with a trace of AIBN , a white precipitate was fonned (Scheme 85). The 
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microanalytical and spectroscopic data of this indicated it to be the cyclised product 
371 (- 90 %) . This implies that the free carboxylic group neither reacts with 
stannane in an ionic manner nor affects the cyclisation process. The cyclised 
compound with the ester moiety 346 and the cyclised product obtained here, 371 
have similar spectroscopic data. The mass spectrum of 371 showed a peak which 
correspond to the molecular ion peak at mlz = 235. While the 13C NMR spectrum 
showed characteristic resonances fo r the amide carbonyl carbon (172.7 ppm) and for 
the acid carbonyl carbon (1 66.5 ppm), no resonances due to the carbons of the t-
butyl group were observed. Similarly the I H NMR spectrum did not show a 
resonance corresponding to the protons of the t-butyl group. The IR spectrum 
showed a broad hydroxy stretch (3600 - 3000 em- I) and two carbonyl stretches , the 
acid carbonyl (l705 em-I ) and the amide carbonyl (1695 cm- I). 
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The s- and y-Iactam compounds, 371, 373 , 378 , 382, and 385 (Schemes 
85 and 86) were chosen for the. biological assay. The proposed synthetic route was 
the hydrolysis of the ester radical precursors into the corresponding acids followed by 
their stannane promoted cyclisation. In a typical experiment , the radical precursor, 
with a free carboxy group , (0.15 mmol) was treated with stannane (0.03 M, 1.2 eq) 
in degassed boiling benzene with a trace of AIBN for 5 h. The crude reaction 
mixture was basified with dilute potassium hydroxide solution, and the resultant 
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aqueous layer was washed repeatedly with dichloromethane in order to remove the 
excess stannane. tributyltin bromide and any other non acidic by- products. The 
acidified aqueous layer was then extracted wi th dichloromethane. dried (MgS04) and 
concentrated to give a mixture of products. which contained the respective cyclised 
products in varying yields . Due to the presence of free carboxy groups. the 
purification of these product mixtures. by the usual flash chromatography method 
was found to be difficult. 
Comparison of the stannane promoted cyclisation of 387 (Scheme 87),83 
340 (Scheme 78) and 370 (Scheme 85) reveals that all three compounds yield the 
cyclised product almost exclusively. This implies that the presence of the carboxyl 
moiety , either as the ester or as the free acid has very little or no effect on the 
product distributions of these reactions . 
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Therefore one may expect the reaction of 377 (which has a carboxy 
group) (Scheme 86) and 339 (with no carboxy group) (Scheme 80) with stannane 
under similar reaction conditions would yield a similar distribution of cyclisation, 
reduction and S-scission products. In the same manner, 372. 381 and 384 (with free 
carboxy groups) (Scheme 86) would be expected to afford product ratios similar to 
341 (Scheme 79), 345 (Scheme 83) and 344 (Scheme 84) (with ester groups) 
respectively. Since the stannane promoted cyclisation reactions of 339, 341 , 345 and 
344 were studied and the products identified. one can predict the product 
distributions of similar stannane promoted reactions of 337, 372, 381 and 384 . The 
I H NMR spectra and the mass spectra of these reactions mixtures confinned the 
presence of the cyclised products , along with the expected by-products resulting 
126. 
from ~-scission. 374 and 379. and reduction , 375, 380. 383 and 386. From each of 
these mixtures a known amount was weighed our l ]] and was dissolved in a known 
volume of absolute ethanol. By approximating the product distribution of the 
reaction of the acids 377 , 372. 381 and 384 to be the same as that fo r the esters 339. 
341. 345 and 344 respectively , it was possible to calculate the volume of the solution 
which would contain- a required amount of the cyclised product. 
The test organisms used were Bacillus subtilis (a unicellular gram-positive 
bacterium), Streptomyces aureofasciens (a filamentous gram-positive bacterium). 
Escherischia coli (a unicellular gram-negative bacterium) and Saccharomyces 
carlbergensis (a fungus). 
The three bacteria Bacillus subtilis , Streptomyces aureofasciens and 
Escherischia coli were incorporated. in 10 mL of nutrient agar medium per petri-dish 
(8.5 cm in diameter) while the fungus Saccharomyces carlbergensis was in 10 mL of 
malt agar medium per petri dish. F~om the solutions made up . volumes 
corresponding to -20 Ilg of the cyclised products were syringed out and were loaded 
on to sterile discs (0.25 inches in diameter), which were then placed in the petri-
dishes containing the nutrient medium and the organisms. The two cyclised products 
obtained from the vinyl radical cyclisation 270 and 293 (Fig. 17) were also tested for 
their activity. A widely used semisynthetic ~-lactam antibiotic , amoxycillin, 134a was 
used as the standard, and 2 Ilg of it was similarly loaded on to a disc. A blank test 
was run with absolute ethanol , the solvent used to make up the test solutions. These 
were then incubated at 28 0 C and checked for any activity after 24 h. 
Figure 17 
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In a typical example, the growth of the organisms brings about a cloudy, 
semiopaque appearance in the originally clear nutrient medium, whereas any 
inhibition caused by the test compounds is indicated by clear zones (surrounding the 
discs) in the cloudy background. In a particular experiment, if the amounts of the 
test compounds loaded on the discs were the same, the diameters of the clear zones 
could be considered as a reflection of the antibacterial or antifungal activity of the 
compounds used . Although factors such as the solubility, the viscosity, the diffusion 
co-efficient and many others of the test compounds influence the diameter of the 
clear zones, the above assumption may be applied to a set of compounds with similar 
structural features and molecular weights. 
The /3-lactam antibiotics are thought to exert their antibacterial activity by 
acylating certain enzymes called the penicillin-binding proteins (PBPs) which are 
involved in the biosynthesis of the peptidoglycan layer of bacterial cell walls. Once 
the antibiotic molecule has fitted itself into the active site of the enzyme, a 
nucleophilic functionality on the enzyme is thought to become acylated as the /3-
lactam ring opens. 135 I n the case of penicillins, this covalent fixation is dependent 
upon specific structural features of the antibiotic, including the free carboxyl, the 
asymmetric centre at C-3 and as an absolute requirement , an intact /3-lactam bond. 
Of the several constituents in the cell wall, it is largely the peptidoglycan 
that determines cell shape and imparts the rigidity necessary to protect the bacteria 
from osmotic rupture. Mammalian cells have no comparable structure, which 
explains the selective toxicity of the /3-lactams towards bacteria . Gram-positive 
bacteria generaUy possess a thick peptidoglycan layer (50-100 molecular layers in 
thickness) surrounding the cell membrane, in contrast to gram negatives, which have 
a peptidoglycan only one or two molecular layers thick (15-20 nm), surrounded by 
an outer membrane. Gram-negative outer membranes constitute a significant 
permeability barrier for /3 -lactam antibiotics . 135 Hence , out of the four organisms 
used in the test, the two gram-positive bacteria (Bacillus subtilis and Streptomyces 
aureofasciens) were expected to show some inhibition while the fungus 
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(Saccharomyces carlbergensis) and the gram-negative bacterium (Escherischia coli) 
were expected to be rather immune. 
As expected, except for 293 which showed some inhibition towards the 
fungus, and amoxycillin which showed some inhibitory action towards Escherischia 
coli, none of the other test compounds had any effect on either of these organisms. 
The 5 ,5 fused ring systems, compounds 371, 378, and 270 showed very little or no 
activity, whereas the 5 ,6 fused ring compound 373, seemed to be slightly more 
active. All three fused (3-lactam compounds 293, 382 and 385 showed slight activity. 
Since organo-stannane compounds are known to be toxic to bacteria,134b 
further tests were conducted to investigate whether any stannane compounds were 
present in the product mixtures . The I H NMR spectra of the product mixtures 
showed peaks corresponding to organo-stannane compounds which were estimated to 
be present in < 5 %. This shows that some stannane by-products were being carried 
through with the reaction products in spite of the work-up process which was 
expected to remove all stannane products. When tributyltin hydride was treated with 
base (aqueous potassium hydroxide) and subjected to a work-up process identical to 
that used for the test compounds, no organo-stannane compounds were carried 
through to the final step as detected by I H NMR spectroscopy. Yet, when tributyltin 
chloride (the chloride was used instead of the bromide since it was readily available) 
was treated similarly, traces of a white powdery solid was obtained in the final step. 
The I H NMR spectrum of this white powder showed peaks in the same regions as 
were observed for tributyltin hydride and halides . It was thought that it might be 
tributyltin hydroxide produced by the reaction of tin halides with the base, which was 
acidic enough to be carried through to the final step of the work up procedure. Even 
a milder base , such as sodium bicarbonate was observed to be strong enough for the 
above process. 
The comparison of the activity of amoxycillin with those of the test 
compounds indicate that , even if the activity demonstrated by these systems were 
wholly due to the actual cyclised products, the minimum inhibitory concentration of 
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them would be more than ten times that of amoxycillin. This implies that if these 
compounds do show any inhibition towards the bacteria, it would be very small. 
The low antibacterial activity shown by these compounds could be due to 
a number of reasons. They may be susceptible to the ~-Iactamases produced by the 
bacteria, or the acy lating capabilities of the molecules may not be in the proper 
range. It could also be that, due to restricted permeability of these compounds, the 
minimum amounts required for activity were not present at the active site or these 
systems may not be specific and may have bound to proteins other than the PBPs. 135 
This preliminary work indicates that the simple systems studied were 
either non active or have very low activity against bacteria. A few structural 
modifications may improve the antibacterial activity of these systems. Recent 
progress in synthesising new bicyclic ~-Iactam nuclei has shown that one of the 
structural features necessary for biological activity is the presence of an acidic group 
on the carbon bonded to the ~- Iactam nitrogen . Hence , 385 and similar compounds 
such as 389 , 390 and 39 L may be suitable for future work. 
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The acylating capab iLity of the molecule is another area where more 
modifications could be made. The ring fused to the ~-Iactam ring must induce 
sufficient strain in the ~- I actam ring to alter the ring bond lengths and to bring about 
a pyramidal configuration of the ~ - Iactam nitrogen. The amount of strain that is 
necessary for biological activity depends on the nature of the substituent on the 
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nuclei. Acylamino side chains that can initiate intramolecular nucleophilic attack or 
side chains that have good leaving groups at the 3 position of cephalosporins could 
raise the reactivity of a mOderatel y strai ned i3-lactam nucleus. In order to have good 
leaving groups at the 3 position. radical precursors other than aryl radical compounds 
would have to be chosen. Studies on alkyl radical cyclisations at sulphur in 
disulphide compounds indicate that such processes are fast. Therefore, the systems 
shown in Fig 19 could prove to be better systems for further studies. 
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R = acylamino 
2 R = Me02C-
From the work described in this chapter one can conclude that free radical 
substitution reactions at sulphur is an attractive approach for the preparation of 
similar fused fused cyclic systems. Although the simple systems studied herein did 
not show much or any antibacterial activity, the method developed could be 
employed to prepare and test more complex molecules , since a lot of radical 
reactions tend to be very tolerant to the presence of other functional groups. 
4.4. The synthesis of the radical precursors. 
The y-lactam and phthalimide radical precursors were prepared by the 
combination of the lactam ring system with the aryl system followed by the inclusion 
of the alkylthio group. The preparation of the aryl moiety was carried out in the 
following manner. The bromination of 4-aminobenzoic acid 392 with hydrogen 
peroxide and hydrogen bromide in the presence of light gave both the dibromo 
compound 394 as well as the monobromo compound 393 which were then esterified 
as a mixture and separated by flash chromatography (Scheme 88a) . The 
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esterification of 3-bromo-4-methylbenzoic acid 397 followed by the bromination of 
the methyl group with N-bromosuccinimide gave the required compound methyl 3-
bromo-4-bromobenzylbenzoate 399 (Scheme 88b). 
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The lactam system for 339 was prepared by the protection of the amino 
group of aspartic acid as the methyl carbamate 136 followed by treatment with acetic 
anhydride at high temperature (100 0 C) to yield the N-protected aspartic anhydride 
in good yield . The combination of the lactam system with the aryl system was 
carried out in the following way. When mixtures of phthalic anhydride, succinic 
anhydride or the N-protected asparti c anhydride and either 2-bromoaniline or ethyl 
3-bromo-4-aminobenzoate were heated at 100 0 C for -16 h , with a catalytic amount 
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of dimethylaminopyridine, the diones 400 , 40 l, and 402 were obtained in moderate 
yields (50-70 %)' (Scheme 89a). 
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Treatment of phthalimide or succinimide with an equal amount of sodium 
hydride and the · dibromide 399 yielded the corresponding diones 404 and 403 
respectively in moderate yield (50-60%) (Scheme 89b) . The treatment of these 
diones with zinc borohydride83 at room temperature for 2-3 days yielded the 
corresponding monohydroxides. which on reaction with t-butyl thiol in the presence 
of a catalytic amount of £ -toluene sui phonic acid gave the ester radical precursors in 
good yield (70-85 %). 339 was obtained as a mixture of the two diastereoisomers . as 
detected by NMR spectroscopy. in which probably the isomer that has the t-butyl 
group trans to the amino side chain was the major product. 
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The two f3 -lactam compounds 344 and 345 were prepared as follows. The 
esterification of 2-(2-bromophenyl)acetic acid 405 followed by bromination with N-
bromo succinimide yielded 407 in moderate yield . Treatment of 408 with an equal 
amount of sodium hydride and benzyl thiol yielded 333 (- 50-60 %). which on 
treatment with sodium hydride and the dibromides 399 and 407 gave the 
corresponding radical precursors in low yield (20-30 %) . 344 was formed as a 
mixture of the two diastereoisomers in a 2 : 3 ratio as detected by NMR 
spectroscopy. 
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135. 
CONCLUSION 
136. 
In the preceding chapters we have described our attempts to elucidate the 
mechanism of homolytic substitution reactions at sulphur and to explore the utility of 
such processes in synthesis. 
In summary the kinetic and mechanistic studies have shown ; 
I) that the rate of reaction is dependent on the nature of the attacking 
radical , namely aryl > vinyl > alkyl, 
2) that the rate of reaction is dependent on the nature of the bond 
undergoing fission , namely disulphide > thioester > sulphides , 
3) that the rate of reaction is related to the stability of the leaving radical, 
eg , benzyl > t-butyl > methyl; aroyl > acyl, 
4) that in otherwise comparable systems, five membered rings are formed 
more rapidly than six membered rings. 
5) that in otherwise comparable systems , attack at sulphenyl centres is 
faster than the attack at sulphinyl centres. 
All of the observations are consistent with a mechanism involving back-
side attack and concerted bond making and bond breaking. 
With the mechanism and kinetics reasonably well established it is now 
possible to explore the synthetic potentials of this type of process. The preliminary 
work described ha s indicated that fused heterocyclic systems containing thiazolidine 
and similar sulphur containing rings can be conveniently prepared in this way. The 
opportunity now exist to explore further the synthesis of a variety of modified 
penams. cephams and other heterocyclic systems of potential biological activity. 
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EXPERIMENTAL 
138. 
General notes . 
1. Melting points were detennined on Reichert hot-stage microscope . 
Metling points and boiling points are uncorrected. 
2. Elemental analyses were perfonned by the ANU Analytical Service Unit. 
3. Infrared spectra were measured on a Perkin and Elmer 683 Infrared 
Spectrophotometer. Samples were run as liquid fllms (neat). potassium bromide 
pellets (KBr pellet) or dichloromethane solution (CH2C~ film). Significant peaks 
were reported (cm- i ) followed by assignments. if approriate . 
4. Unless otherwise stated. proton (l H) NMR spectr~ were recorded on a 
JEOl PNM FX-200 spectrometer. operating at 200 MHz. Proton NMR spectra 
were also recorded on a VARIAN XL-200 spectrometer (XL 200). operating at 200 
MHz. Spectra were recorded in deuterochloroform (CDC13 . 99.8 % deuterium 
incorporation) unless otherwise stated. Chemical shifts (0) are reported in parts per 
million (ppm) downfield from an internal tertamethylsilane standard (TMS . 0 0.00 
ppm) followed by their intensities (number of protons). coupling constants (J Hz) 
where appropriate and assign:nents. Abbreviations used are s (singlet). d (doublet). t 
(triplet). q (quartet). m (multiplet). dd (doublet of doublet). etc. Exchangeable 
protons were identified by their disappearance upon addition of D20. 
5. Carbon-13 (13C) spectra were recorded on the JEOl PNM FX-200 
spectrometer operating at 50.1 MHz or on the VARIAN XL-200 spectrometer (XL 
200) operating at 50.3 MHz. Chemical shifts (0) are reported in parts per million 
(ppm) downfield from an internal TMS standard and the assignments are given in 
parentheses. 
6. Deuterium NMR spectra were recorded either on the VARIAN XL-200 
spectrometer or a VARIAN VXR-300 spectrometer. Spectra were recorded in either 
benzene . dichloromethane or acetone and were referenced with a trace of deuterated 
solvent. 
7. Ultraviolet spectra were measured on a Varian DBS-90 UV-visible 
spectrophotometer. 
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8. Electron Impact (EI) Mass Spectra were measured on a VG Micromass 
7070 F Mass Spectrometer operating at 70 eV. The molecular ion (M+) (where 
appropriate) and selected fragment ions are reported as their mass/charge ratios (mlz) 
followed by thier relative intensities as compared with the base (1 00 %) fragment. 
All Mass spectra recorded are EI unless otherwise stated. 
Chemical ionisation (Cl) Mass spectra were measured on the above 
instrument employing ammonia as the reagent gas. 
High resolution Mass spectra (Exact Mass) were determined an AEl MS 
902 High Resolution Mass Spectrometer 
9 . Thin layer chromatgraphy was conductd on Whatman silica precoated 
microscope slides (75 x 25 mm). Preparative Thin Layer Chromatography was 
performed on Merck precoated glass plates. Chromatograms were visualised under 
ultraviolet light or upon exposure to iodine vapour or spraying with a colour reagent 
(5 % vanillin in sulphuric acid or palladium chloride in sulphuric acid), followed by 
heating at 200 0 C. 
10. Column chromatography was usually carried out by one of the following; 
a) flash chromatography on silica as described by Still et al,137 b) medium pressure 
liquid chromatography (MPLC) using Merck prepacked LiChroprep Si 60 (40-63 J.Jm) 
columns (size A or B). Compounds were detected in the eluates using a Waters 
R403 differential refractometer or by TLC, c) high pressure liquid chromatography 
(hplc) was carried out using a 25cm x 10mm P/W Alltech CN-bonded 1OJ.J hplc 
column or a WATERS Radial-PAK Cartridge 5J.J hplc column. 
11. Gas liquid chromatography (gc) was carried out with the following 
columns with helium as the carrier; 
A. 2m x 1.5mm, 2% OV-17 on Gaschrom Q (60-80 mesh), 
B. 2m x 3.2mm, Carbowax (5 % wt) on Chromsorb W (60-80 mesh) , 
C. 25m x 0.2mm, Vitreous Silica Capillary Column 
(SGE25QC2/BP 1-1.0), 
D. 25m x 0.2mm. Vitreous Silica Capillary Column (SGE25QC2/BP5-
1.0) 
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GC analyses were perfonned on a Varian 6000 gas chromatograph equipped with a 
Flame Ionisation Detector. 
12. Solvents and reagents were purified according to published procedures . 138 
Organic extracts were dried using anhydrous sodium sulphate or magnesium sulphate 
and the bulk of the solvent removed under reduced pressure using a BUchi 
Rotavapor. The last traces of solvent were removed under high vacuum. 
Chapter 1 
2-Bromo-l-{ 2-[(1, I-dimethylethyl)thio]ethyl } benzene 93. 
Standard procedure 1.1 for the preparation of thioethers. 
14l. 
A methanolic solution of sodium methoxide was prepared by the addition of sodium 
hydride (183 mg, 7.6 mmol) to dry methanol (50 mL) maintained at 50 °C. The 
reaction mixture was warmed to room temperature after the addition of 2-methyl-2-
propanethiol (!-butylthiol) (684 mg , 7.6 mrnol). The solution was stirred for 16 h at 
this temperature after the addition of 2-bromo-l-(2-bromoethyl)benzene (2.01 g, 7.6 
mmol). Potassium hydroxide solution (0.1 N, 15 mL) was added and the reaction 
mixture was stirred for a further 15 min. The solution was extracted with 
dichloromethane (CH2C~, 3 x 30 mL). The combined organic phase was dried 
(MgSO 4) and concentrated under reduced pressure. The crude product was purified 
by flash chromatography on silica gel with hexane/dichloromethane (4 : 1) as the 
eluant to give the pure compound as a clear oil (85 %), bp 90-93 ° C at 0.7 mm Hg. 
C
12
H
17
BrS requires: C, 52.75; H, 6.27%. Found: C, 52.95; H, 6.21 %. 
IH NMR (CDCl
3
) <5 7.54 (IH, d, J ::8 Hz, aryl); 7.24 (2H, m, aryl); 7.13-7.03 (lH , 
m, aryl); 2.99 (2H, t, J=8 Hz, PhC~); 2.78 (2H, t, J=8 Hz , PhC~C~); 1.36 
(9H, s, 3 x CH3). 
13C NMR (CDCl3) <5 140.2, 132.2, 130.6, 130.0, 
127.4, 124.2 (aryl); 42.1 (f(CH3)3); 37.1 (Ph~~); 31.0 (3 x CH3); 28.2 (C~S). 
Mass spectrum: m/z 272,274 (M+, 0.2%); 193.1 (5%); 137.1 (36%); 57.2 
(100%). 
{2-[ (1,1-Dimethylethyl)thio ]ethyl} benzene 101. 
Following standard procedure 1.1 , ~-butylthiol (1.8 g, 20 mmol) and 
2-bromoethylbenzene (3.7 g, 20 mmol) were allowed to react in a methanolic 
solution of sodium methoxide. The crude product isolated after the workup was 
purified by column chromatography on silica gel. Elution with 
hexane/dichloromethane (4 : 1) gave the pure compound as a clear oil (93 %). 
bp 65°C at 0. 7 mm Hg . 
C l2H l 8S requires : C. 74 . 17: H, 9 .34 %. Found: C, 74 .20 : H. 9 .08 %. 
IH NMR (CDCl3) 0 7. 17-7 .37 (5H . m. aryl); 2.72-2 .92 (4H. m. ArCH2CH2): 
1.33 (9H , s, 3 x CH3). 
142. 
13C NMR (CDCl3) 0 141.0. 128.4 , 126.3 (aryl); 42.2 (~ (CH3)3); 36.4 (Ar~H2); 
31.0 (3 x CH3) ; 30 .0 (CH2S). 
Mass spectrum: mlz 194 (M +, 9 %); 138 (11 %): 103 (13 %) ; 91 (41 %) ; 57 (100 %). 
2-Bromo-1-[2-(methylthio)ethyl]benzene 92, 
A solution of 2-bromo-1-(2-bromoethyl)benzene (2 .7 g, 10 mmol) in dry 
dich10romethane (3 mL) was added slowly to a cooled (ice/water) mixture of 
methanethiol (6.0 g. 125 mmol), and sodium methoxide (5 .8 g. 107 mmol. prepared 
by the addition of sodium hydride to dry methanol) in dry methanol (50 mL). The 
resuitant mixture was stirred for 1.5 h at ambient temperature . diluted with 
dichloromethane . and washed with 0.1 N potassium hydroxide (2 x 40 mL). The 
extract was washed with water . dried . the solvent evaporated and the residue distilled 
to afford the title compound as a clear oil (90 %) . bp 139-142 °C at 15 mm Hg , 
which had spectral data similar to those cited in the literature. 83 
2,3-Dihydrobenzo[Elthiophene 14. 
A solution of 2-bromo-l-[2-(methylthio)ethyl]benzene 92 (132 .8 mg . 0 .57 mmol) , 
AIBN (- 10 mg) and tri-.!!-butyltin hydride (202 mg, 0.69 mmol. 0.03 M) in dry 
degassed benzene (23 . 1 mL) was heated at reflux under nitrogen for 3 h. The 
solvent was removed under reduced pressure. The residue was chromatographed on 
silica gel using hexane/dichloromethane (2 : 3) as the eluant. to give the title 
compound (62 mg , 80 % ). The spectral .details are consistant with literature data. 83 
143. 
Preliminary experiments of 2-bromo-l-{2-[( l . l-dimethylethyl)thio Jethyl } benzene 93 
with tri-n-butyltin hydride. 
a). A solution of 93 (177 mg , 0.65 mmol), AIBN (- 7 mg) and tri-.Q-butyltin 
hydride (228 mg , 0.78 mmo!. 0.03 M) in dry degassed benzene (26.0 mL) was 
heated at reflux under nitrogen for 5 h. A gas chromatographic analysis of the 
reaction mixture indicated the presence of..!i , 101 , excess tin reagent and tri-.Q-
butyltin bromide. The solvent was removed under reduced pressure. The residue 
was chromatographed on silica gel using hexane/dichloromethane (2 : 3) as the 
eluant , to give 2,3-dihydrobenzo[b]thiophene..!i (75 mg, 85 %) and {2-
[( l , l-dimethylethyl)thio]ethyl}benzene 101 (- 4 mg , - 3 %) . The spectral details of 
both compounds were. in agreement with those of authentic samples. 
b). A solution of 93 (155 mg , 0.57 mmo!) , AIBN (- 5 mg) and tri-n-butyltin 
- -
hydride (166 mg , 0.57 mmol , 3.6 M) in dry degassed benzene (0.154 mL) was 
heated at reflux under nitrogen for 6 h. A gas chromatographic analysis of the 
reaction mixture indicated the presence of ..!i, 101 , excess tin reagent and tri-.Q-
butyltin bromide. The solvent was removed under reduced pressure. The residue 
was chromatographed on silica gel using hexane/dichloromethane (2 : 3) as the 
eluant, to give 2,3-dihydrobenz0(2]thiophene 14 (27 mg, 35 %) and {2-
[(l , l-dimethylethyl)thio]ethyl}benzene 101 (- 45 mg, 41 %). 
The reaction of 2-bromo-l-{2-( 1, 1-dimethylethyl)thio Jethyl} benzene 93 with tri-n-
butyltin deuteride. 
A solution of.93 (150 mg, 0.~5 mmol), AIBN (- 7 mg) and tri-.Q-butyltin de uteri de 
(192 mg, 0.66 mmol, 0.9 M) in dry degassed benzene (0.73 mL) was heated at 80 
o C in a sealed glass ampoule for 5 h. The solvent was removed under reduced 
pressure and the residue was chromatographed on silica gel using 
hexane/dichloromethane (2 : 3) as the eluant. A 2H NMR spectrum of the pure 
144. 
{2-[ (1.1-dimethylethyl)thio ]ethyl} benzene 101 dissolved in dichloromethane and a 
trace of deuterated dichloromethane showed a resonance only at - 7 ppm. 
2-Bromo-l-[2-(benzylthio)ethyl]benzene 94. 
Following standard procedure 1.1 , benzylthiol (943 mg, 7.6 mmol) and 2-bromo-l -
(2-bromoethyl)benzene (2.01 g, 7.6 mmol) were allowed to react in a methanolic 
solution of sodium methoxide. The crude product isolated after the workup was 
purified by column chromatography on silica gel. Elution with 
hexane/ dichloromethane (9 : 1) gave the pure product as a clear oil (69 % ). 
IH NMR (CDCl3) 0 7.48 ( IH , d, J=6 Hz , aryl); 7.31-7.00 (8H , m, aryl); 3.72 (2H, 
s, SCH2Ph); 3.00-2.92 (2H, m, PhCH2); 2.69-2.60 (2H, m, PhC~CH2) ' 
13C NMR (CDCl3) 0 139.7, 138.3, 132.7, 130.6, 128.8, 128.4 , 128.3, 127.4, 
126.9 , 124 .3 (aryl); 36.5. (2 x CH2); 31.1 (C~) . 
Mass spectrum: m/z 307 , 309 ([M+ + 1], 2%); 135 (16 %); 91 (100 %). 
Exact Mass: ClsH1679BrS (M+ + 1) requires; 307 .0156 . Found; 307.0155. 
[2-(Benzylthio)ethyl]benzene 102. 
Following standard procedure 1.1 , benzylthiol (3.4 g, 27 mmol) and 
2-bromoethylbenzene (5 g, 27 mmol) were allowed to react in a methanolic solution 
of sodium methoxide. The crude product isolated after the workup was purified by 
column chromatography on silica gel. Elution with hexane/dichloromethane (9 : 1) 
gave the pure com pound as a clear oil (74 % ). 
C
1s
H
16S requires: C, 78 .90; H, 7.06%. Found: C, 78.68; H, 6.72 %. 
IH NMR (CDCI3) 0 7.33-7.11 (10H, m, aryl); 3.71 (2H, 5, SCH2Ar); 2.83 (2H, t, 
J=8Hz, PhCH2C~); 2.66 (~H, t, J=8Hz , PhC~CH2) 
l3C NMR (CDCl3) 0 140.4 , 138.3, 128.8, 128.4, 127.0, 126.3 (aryl); 36.5 
(SCH2Ph); 36.1 (Ph~H2CH2); 32 .8 (PhCH£H2)· 
Mass spectrum: m/z 228 (M+ , 8%); 137 (15%); 104 (16 %); 91 (100%). 
145 , 
Preliminary experiments of 2-bromo-I-[2-(benzylthio)ethyllbenzene 94 , 
a), A solution of 94 (156 mg , 0,51 mmol), AIBN (- 5 mg) and tri-.!:!-butyltin 
hydride (134 mg , 0.46 mmo!. 0,5 M) in dry degassed benzene (0 ,916 mL) was 
heated at reflux under nitrogen for 5 h, A gas chromatographic analysis of the 
reaction mixture indicated the presence of ~ , 102, excess tin reagent and tri-.!:!-
butyltin bromide. The solvent was removed under reduced pressure. The residue 
was chromatographed on silica gel using hexane/dichloromethane (1 : 4) as the 
eluant , to give 2 ,3-dihydrobenzo[b]thiophene ~ (53 mg , 77%) and 
[2-(benzylthio)ethyl]benzene 102 (17 mg , 15 %) . The spectral details of both 
compounds were in agreement with those of authentic samples . 
b). A solution of 94 (156 mg, 0.51 mmol), AIBN (- 5 rng) and tri-.!:!-butyltin 
hydride (149 mg , 0 .51 mmol , 1.5 M) in dry degassed benzene (0 .340 mL) was 
heated at reflux under nitrogen for 5 h, A gas chromatographic analysis of the 
reaction mixture indicated the presence of~ , 102 , excess tin reagent and tri-.!:!-
butyltin bromide. The solvent was removed under reduced pressure. The residue 
was chromatographed on silica gel using hexane/dichloromethane (1 : 4) as the 
eluant , to give 2,3-dihydrobenzo[b]thiophene 14 (33 mg , 48 %) and [2-
(benzylthio)ethyl]benzene 102 (31 mg, 30 %) . The spectral details of both 
compounds were in agreement with those of authentic samples. 
2-Bromo-l-{2-[ (1, I-dimethylethyl)sulphinyl]ethyl} benzene 109. 
Standard oxidation procedure 1.2. 
A solution of 2-bromo-l-{2-[(I , I-dimethylethyl)thio]ethyl}benzene 93 (1.0 g, 4 
mmol) in dichloromethane (20.0 mL) was maintained at 5 °C (ice bath). The 
solution was stirred for 30 min at the same temperature after the addition of 
3-chloroperbenzoic acid (836 mg , 4.8 mmol). Dichloromethane (20 mL) was added 
followed by 0.1 N potassium hydroxide solution (40 mL). The solution was stirred 
for a further 10 min and extracted with dichloromethane (3 x 25 mL). The 
combined organic phase was dried (MgS04) and concentrated under reduced 
146 . 
pressure. The crude product was chromatographed on silica gel with ethyl acetate as 
eluant to give the pure product as a clear oil (80 %), bp 78 °C at 0.05 mm Hg. 
C l2 Hl7 BrOS requires: C. 49 .83: H. 5.92%. Found: C. 49.87: H. 5.97%. 
IH NMR (CDCl3) 0 7.55 (l H. d. 1=8 Hz . aryl); 7.40-7.02 (3 H. m, aryl); 3.35-3.13 
(2H, m, PhCH2); 2.94-2.55 (2H. m. PhCH2CH2); 1.25 (9H. s. 3 x CH3)· 
13C NMR (CDCI3) 0 138.7, 132.9, 131.0, 128.4, 127.7, 123.3 (aryl); 53.3 
(C(CH3)3); 45.3 (CH2SO); 30.5 (Ar~H2); 22.7 (3 x CH3)· 
Mass spectrum: mlz 209 (0 .6%); 153 (2 8% ); 91 (4%); 57 (100 %). 
\)max (CH2C~ film) 1020 em-I. 
{2-[ (1, I-dimethylethyl)sulphinyl]ethyl} benzene 115. 
Following standard procedure 1.2 , the title compound was prepared as a clear oil 
(86%) (bp 86-90 °C at 0 .2 mm Hg .), from {2-[(1,1-
dimethylethyl)thio]ethyl}benzene 10 I (1.0 g, 5.2 mmol) . 
C
12
H
I8 0S requires: C, 68 .53 ; H, 8.63 ; S. 15.24%. Found: C, 68.70; H. 8.67; S, 
15.06%. 
IH NMR (CDCI3) 0 7.35-7.22 (5H, bs , aryl); 3.31-2.97 (2H, m, ArCH2); 2.79-2 .67 
(2H, m, CH2SO) ; 1.25 (9H , s, 3 x CH3)· 
13C NMR (CDCI3) 139.6, 128.6, 1,28.6, 126.6 (aryl); 52.9 ~(CH3)3); 47.5 
~H2S0); 30.0 (Ar~H2); 22.9 (3 x CH3)· 
Mass spectrum: m/z 210 (M+, 0.3%); 154 (12%); 105 (12%); 92 (26%); 91 
(18%); 57 (100%). 
\)max (CH2C~ film) 1040 em-I . 
2,3-Dihydrobenzo[E]thiophen.e-1-oxide 13. 
Following standard oxidation procedure 1.2 , 2 ,3-dihydrobenzo[~]thiophene 14 (30 
mg, 0.22 mmol) was oxidised by 3-chloroperbenzoic acid (46 mg, 0.26 mmol) to 
give the title compound. The spectral details were consistant with those sited in 
literature. 83 
2-Bromo-1-[2-[(1,1-dimethylethyl)sulphonyl]ethyl]benzene 124. 
Standard oxidation procedure 1.3 . 
147. 
A mixture of the thioether 2-bromo-1-{2-[(1, 1-dimethylethyl)thiojethyl}benzene 93 
(400 mg , 1.5 mmol), sodium perborate (562 mg, 2.5 mmol) and glacial acetic acid 
(8.0 mL) was heated at 50 °C for 2 h. A solution of potassium hydroxide (0.1 N, 
60 mL) was added .to this and the reaction mixture was stirred for 2 h at room 
temperature. The solution was extracted with dicWoromethane (2 x 30 mL). The 
combined organic phase was washed with O. 1 N pottasium hydroxide (2 x 40 mL), 
dried (MgS04) and concentrated under reduced pressure to give the title compound 
as a white solid (80% ). Recrystallisation (ethyl acetate/hexane) gave colourless 
needles , mp 53-55 ° C. 
IH NMR (CDC13) oS 7.55 (lH, d , J=8 Hz , aryl); 7.39-7.25 (2H , m, aryl); 7.20-7. 07 
( IH , m, aryl); 3.37-3.15 (4H , m, PhCH2CH2); 1.44 (9H , s, 3 x CH3)· 
13C NMR (CDC13) oS 137.9 , 133 . 1, 130.9, 128 .7, 127.9, 124.4 (aryl); 59.8 , 45 .8, 
28.6 (3 x CH2); 23.4 (3 x ~H3)' 
Mass spectrum: m/z 225.0 (0.4% ); 183.9 (2 %); 169.0 (2 %); 104.1 (7%) ; 57.1 
(100%). 
Exact Mass: C
12
H170 2S (M+ - Br) requires; 225.0949. Found; 225.0945 . 
\J
max 
(CH2C~ fIlm) 1115, 1290 em-I . 
{2-[(1, I-dimethylethyl)sulphonyl]ethyl} benzene 118. 
Following standard oxidation procedure 1.3 , {2-[(1 ,1-
dimethylethyl)thio]ethyl}benzene 101 (1 g, 5.2 mmol) was oxidised to yield the title 
compound. The white solid (76 %) isolated after the workup was recrystallised (ethyl 
acetate/hexane) to give colou!less needles, mp 105-107 ° C. 
Cl2Hl802S requires: C, 63.68; H, 8.02; S, 14.16%. Found: C, 63 .32; H, 8.36; 
S, 14.24%. 
IH NMR (CDC1
3
) oS 7.39-7.22 (5H , m, aryl); 3.18 (4H, s, PhCH2CH2); 1.44 (9H, s, 
3 x CH3). 
I3C NMR (CDCI3) 0 138.5. 128.8. 128 .5. 126 .9 (aryl): 59 .0 (~ (CH3)3); 47. 3 
(~H2S02 ) ; 26.6 (Ar~H2): 23.4 (3 x ~H3) ' 
Mass spectrum: mlz 227 (M+ + 1). 
v
max (CH2C~ film) 1115 . 1300 cm-r • 
Preliminary experiments of 2-bromo-1-{2-[( 1.1-
dimethylethyl)sulphinyl]ethyl} benzene 109 with tri-n-butyltin hydride. 
148 . 
a). A solution of 109 (128 mg , 0.46 mmol) , AlBN (- 5 mg) and tri-E-butyltin 
hydride (134 mg, 0.46 mmol, 0.23 M) in dry degassed benzene (2.0 mL) was heated 
at reflux under nitrogen for 5 h. The solvent was removed under reduced pressure. 
The residue was chromatographed on silica gel using a hexane/ethyl acetate solvent 
gradient as the eluant, to give 2,3-dihydrobenzo[Q]thiophene ~ (6 mg, - 9% ), 
{2-[(1 , 1-dimethylethyl)sulphinyl]ethyl}benzene 115 (21 mg , 22 %) and 2,3-
dihydrobenzo[Q]thiophene-l-oxide..!1 (40 mg, 58 %). The spectral details of all three 
compounds were in agreement with those of authentic samples. 
b). A solution of 109 (36.3 mg, 0.13 mmol) , AlBN (- 5 mg) and tri-E-butyltin 
hydride (352.6 mg, 1.21 mmol , 0.24 M) in dry degassed cyclohexane (5 .0 mL) 
contained in a sealed glass ampoule was heated at 80 0 C for 5 h. The solvent was 
removed under reduced pressure with no heating. An hplc analysis indicated the 
presence of 2 ,3-dihydrobenzo[Q]thiophene ~ (- 24% ), 
{2-[(l , 1-dimethylethyl)sulphonyl]ethyl}benzene 118 (- 2%) and 
{2-[(1,1-dimethylethyl)sulphinyl]ethyl}benzene 115 (73% ) as detected by the 
comparison of the retention times with those of authentic samples. An ultraviolet 
detector was used in the hplc analysis. The A of the three sulphoxides were -
. max 
215-230 nm. Hence, a mixture of hexane/ethanol was used as the eluant (the cut-off 
regions of these solvents are < 210 nm) and the detecteor was tuned to 215 nm 
frequency. 
149. 
Reaction of 2-bromo-l-{2-[( 1.1-dimethylethyl)sulphinyllethYl}benzene 109 with tri-
n-butyltin deuteride. 
A solution of 109 (40 mg. 0.14 mmol ). AIBN (- 5 mg) and tri-.!:!-butyltin deuteride 
(49 mg , 0. 17 mmol. 0.24 M) in dry degassed benzene (0.708 mL) was heated at 
reflux under nitrogen fo r 5 h. The solvent was removed under reduced pressure. 
The residue was chromatographed on a short silica column using ethyl acetate as the 
eluant. A 2H NMR spectrum of pure {2-[(1, 1-dimethylethyl)sulphinyl]ethyl}benzene 
115 dissolved in dichloromethane and a trace of deuterated dichloromethane showed 
a resonance at - 7 ppm. 
2-Bromo-1-[(2-benzylsulphinyl)ethyl]benzene 110. 
Following standard oxidation procedure 1.2 , 2-brorno-l-[2-(benzylthio )ethyl]benzene 
94 (1.92 g, 6.3 mmol) was oxidised by 3-chloroperbenzoic acid (1.29 g, 7.5 nunol) . 
The compound isolated after chromatography (83 %) was recrystallised 
(ethanol/hexane) to give colourless needles , mp 133-134 dc. 
C1sH1SBrOS requires: C, 55.74; H, 4 .68; Br, 24.72; S, 9.92 %. Found: C,55.80; 
H, 4.86; Br, 25.02; S, 10.08 %. 
IH NMR (CDCI3) 0 7.54 ( IH , d J=8 Hz , aryl); 7.41-7.22, (3H, m, aryl): 7.15-7.05 
(5H, m , aryl); 4.05 (IH , d, J= 14 Hz, SOCHPh); 3.97 (H, d, J= 14 Hz , SOCHPh); 
3.34-3.09 (2H, rn , PhCH2CH2) 3.10-2.76 (2H, rn, PhC!:!zC!:!z). 
13C NMR (CDCI3) 0 133.7, 128.6, 126.5, 125.6, 125.3, 124.6, 124.1, 123 .9 , 
123.4, 119.8 (aryl); 53.7, 45.64(fH2SOCH2); 24.7 (Ar~HzCH2)' 
Mass spectrum: mlz 243 (6%); 91 (100%). 
v
max 
(CH2Clz film) 1020 cm-1 
[2-(Benzylsulphinyl)ethyl]benzene 121. 
Following standard oxidation procedure 1.2, [2-(benzylthio)ethyl]benzene 102 (912 
mg , 4 mmol) was oxidised with 3-chloroperbenzoic acid (830 mg , 4.8 mmol). The 
white solid (80 %) isolated after chromatography was recrystallised (ethyl 
acetate/hexane) to give colourless plates, mp 118-120 dc. 
ISO. 
C IS Hl60S requires : C. 73.73: H. 6.60 : S, 13 . 12%. Found: C. 73.75: H. 6.90: S. 
13.40 % . 
I H NMR (CDCl]) & 7.40-7. 16 (t OH . m. ary l): 4 .07 (t H. d . J = 12 Hz . SOCHPh): 
3. 95 (t H. d . J= 12 Hz . SOCHPh): 3.23-2.97 (2H. m, PhCH2CH2): 2.96-2.79 (2H. 
m, PhCH2CH2). 
13C NMR (CDC1]) & 138 .5 , 129 .8, 128.9 , 128.6 , 128.5 . 128.0 126.6 (aryl); 58 .3 , 
52 . 1 (CH2S0~H2); 28.5 (Ph.f~CH2S0) . 
Mass spectrum: m/z 104 (5 %): 91 (100 %). 
vrnax (CH2C~ film) 1040 em- I. 
2-Bromo-1-[2-(benzylsulphonyl)ethyl]benzene 125. 
Following standard oxidation procedure 1.3 , 2-bromo- 1-[2-(benzylthio)ethyl]benzene 
94 (300 mg, 0.9 mmol) was oxidised. The white solid (76 %) isolated after the 
workup was recrystailised (ethyl acetate/hexane) to give colourless needles , 
mp 114-116 °C. 
CisHISBr02S requires: C, 53.11 ; H, 4 .46 ; Br, 23.55 ; S, 9.45 %. Found: C, 
53 . 17; H. 4.42; Br, 23 .38: S, 9.66 %. 
13C NMR (CDCl]) 0 137.0, 133 . 1, 131.0 , 130.6, 129.0, 128.2 128.4, 127.9 , 
127.0, 124.2 (aryl): 59.9 , 50.8 (fH2SO£H2); 29.1 (Ar~~C~). 
Mass spectrum: m/z 259 (2% ); 183 , 185 (3%); 104 (9% ); 91 (100%). 
vrnax (CH2C~ flim) 1320, 1120 em-I. 
[2-(Benzylsulphonyl)ethyl]benzene 126. 
Following standard oxidation procedure 1. 3, [2-(benzylthio )ethyl]benzene 102 (1. ° g, 
4.4 mmol) was oxidised. Th,e white solid (70 %) isolated after workup was 
recrytallised (ethyl acetate/hexane) to give colourless plates , mp 119-121 0c. 
CIsH1602S requires : C, 69.20 ; H, 6.19; S, 12.3 1 %. Found: C, 69.52; H, 6.16 ; 
S, 12.34 %. 
IH NMR (CDC!3) & 7.42-7. 12 (10H, m. aryl); 4.1 7 (2H , s, S02CH2Ph); 3.09 
(4H , s, PhCH2CH2)· 
151. 
i3C NMR (CDCl3) & 137.6. 130.5. 129. 1. 128.9, 128.5. 127.1 (aryl): 60.0. 52 .7. 
28.1 (3 x CH2). 
Mass spectrum: mlz lOS (4 %) ; 91 ( 100 %). 
v
max 
(KBr pellet) 1025 em-i . 
Preliminary experiments of 2··bromo-I-[2-(benzylsulphinyl)ethyl]benzene 110 with 
tri-n-butyltin hydride. 
a). A solution of 110 (150 mg , 0.46 mmol) , AlBN (- 5 mg) and tri-.!!-butyltin 
hydride (163 mg, 0.56 mmol , 0.4 M) in dry degassed benzene (1.4 mL) was heated 
at reflux under nitrogen for 5 h. The solvent was removed under reduced pressure. 
The residue was chromatographed on silica gel using a hexane/ethyl acetate solvent 
gradient as the eluant , to give 2,3-dihydrobenzo[E]thiophene 14 (5 mg, - 8% ), 
[2-(benzylsulphinyl)ethyl]benzene 121 (55 mg , 49%) and 2,3-
dihydrobenzo[E lthiophene-I-oxide ..!1 (28 mg, 40%). The spectral details of all three 
com·pounds were in agreement with those of authentic samples. 
b). A solution of 110 (150 mg , 0.46 mmol) , AIBN (- 5 mg) and tri-.!!-butyltin 
hydride (1.34 g, 4.6 mmol, 0.4 M) in dry degassed benzene (11 .5 mL) was heated at 
reflux under nitrogen for 5 h. The solvent was removed under reduced pressure. 
The residue was chromatographed on silica gel using a hexane/ethyl acetate solvent 
gradient as the eluant, to give 2,3-dihydrobenzo[b]thiophene 14 (30 mg, 48%), 
- -
[2-(benzylsulpbinyl)ethyl]benzene 121 (43 mg, 38 %) and 2-
(benzylsulphonylethyl)benzene 109 (- 6 mg , - 5 %). The spectral details of all three 
compounds were in agreement with those of authentic samples. 
Reaction of 2-bromo-1-[2-(benzylsulphinyl)ethyllbenzene 110 with tri-n-butyltin 
deuteride. 
A solution of 110 (50 mg, 0.15 mmol), AIBN (- 5 mg) and tri-.!!-butyltin deuteride 
(438 mg, 1.50 mmol, 0.4 M) in dry degassed benzene (3.8 mL) was heated at reflux 
under nitrogen for 5 h. The solvent was removed under reduced pressure. The 
152. 
residue was chromatographed on a short silica column using ethyl acetate as the 
eluant. A 2H NMR spectrum of the pure [2-(benzylsulphinyl)ethyl]benzene 121 
dissolved in acetone and a trace of deuterated acetone showed resonances at - 7. 5 
ppm and - 3.5 ppm in a ratio of - 10 : I. 
Attempted preparation of 2-iodo- l -{2-[( 1. l -dimethylethyl)sulphinyl]ethYI} benzene 
1.15. 
a). A solution of ~-butyl methyl sulphide (312 mg , 3 mmol) in dry THF (20 mL) 
was maintained at -78 0 C in a acetone dry ice bath. To this ~-butyl lithium 
(2 .5 mL. 3.6 mmol) was added under N2 and the solution was stirred at the same 
temperature for 2 h. The reaction mixture was stirred for a further 3 h at -78 0 C 
after the addition of 2-iodobenzylbromide (891 mg , 3 mmol). TLC experiments 
showed the presence of only the two starting materials. The solution was gradually 
warmed up' to room temperature and was allowed to stir for a further 2 h. Once 
again no reaction was observed. The above experiment was repeated at - 100 0 C. 
Yet no reaction was observed. 
b). The above experiments (at -78 0 C and -100 0 C) were then repeated with ~ -butyl 
methyl sulphoxide (360 mg, 3 mmol) , ~-butyllithium (2.5 mL, 3.6 mmol) and 
2-iodobenzylbromide (891 mg, 3 mmol). No reaction was observed under any of 
these conditions. 
2-Bromo-l-[2,2-bis(methylthio)ethyl]benzene 135. 
Standard procedure 1.4 for the preparation of bismethylthio compounds. 
A solution of bismethylthio methane (l.08 g, 10 mmol) in dry THF (30 mL) was 
maintained at -78 °C (acetone/dry ice bath). ~-Butyllithium (6.25 mL, 12 mmol) 
was added under N
2
, and the solution was stirred at -78 ° C for 2.5 h. The reaction 
mixture was stirred at the same temperature for a further 3 h after the addition of 
2-bromobenzyl bromide (2.5 g, 10 mmol) and warmed to room temperature. Water 
(20 mL) was added and the solution was extracted with dichloromethane 
153 . 
(3 x 30 mL) . The combined organic phase was dried (MgSO 4) and concentrated to 
give a colourless oil which was chromatographed on silica gel. Elution with 
hexane/ethyl acetate (SO : 1) gave the pure compound as a colourless oil (6S %) . bp 
145-150 0 C at 0.07 mm Hg. 
C lOHl3BrS2 requires: C, 43 .32: H. 4.73; S. 23 .13 %. Found: C. 43.72: H, 4 .70: 
S,22.97%. 
IH NMR (CDCl3) & 7.54 (lH, d, J=8 Hz aryl); 7.28-7.20 (3H , m, aryl); 4.03 (IH , 
t, J=8 Hz , PhCH2CH); 3.20 (2H, d, J=8 Hz, PhCH2); 2.13 (6H , s, 2 x SCH3)· 
I3C NMR (CDCl3) & 137.6, 132.6. 131.9, 128.4, 127.0, 124.4 (aryl); 53 .5 
(PhCH£H) ; 41.8 (Ph~H2); 13.1 (2 x ~H3) 
Mass spectrum: mlz 275,276 (M+ -1)(0.2%); 229 , 231 (19%); 197 (50%); 150 
(40%); 135 (325); 107 (100%). 
Exact Mass: ClOH12 79BrS2 (M+ -1 ) requires; 274.9564. Found; 274.9563. 
2-Bromo-l-[ (2-methylthio-2-methylsulphillyl)ethyl]benzene 127. 
Following standard oxidation procedure 1.2, 2-bromo-l-[2 ,2-
bis(methylthio)ethyl]benzene 135 ( 2.2 g, 7.94 nunol) was oxidised with 
3-chloroperbenzoic acid (1.37 g, 7.94 mmol). Purification by chromatography gave 
the title compound (48-50%) as a mixture of the two diastereoisomers. The 
compound was unstable to heat and could not be distilled. 
C
lO
H
l3BrOS2 requires: C, 40.96; H, 4.47; Br, 21.87; S, 27.25%. Found: C, 
41.10; H, 4.46; Br, 21.71; S, 27.48%. 
IH NMR (CDCl3) & 7.56 (2H , d, J=8 Hz, aryl); 7.41-7.23 (4H. m, aryl); 7.14 (2H, 
d, J=8 Hz , aryl); 3.98-3.35 (4H . 4 x dd , PhCH2); 3.05-2.80 (2H. 2 x dd, 
PhCH2CH); 2.76, 2.66 (6H, .2 x s, SOCH3); 2.17. 2.15 (6H, 2 x s, SCH3)· 
l3 C NMR (CDCI3) & 135.9. 135.8, 132.7, 131.7, 128.5, 127.1, 124.2, 124.1 (aryl); 
66.7, 65.0 (PhC~); 35.8, 33.5, 33.1 , 32.7 ~HSO~H3); 15.3, 14.4 (SCH3)· 
Mass spectrum: mlz 295 , 293 (M+ + 1)(6%); 231. 229 (100%); 150 (89%); 149 
(91 %); 135 (51 %); 134 (57%); 102 (27%). 
\)max (neat) 1055 em-I. 
Preliminary experiments of 2-bromo-l-[ (2-methylthio-2-
methylsulphinyl )ethy1lbenzene 127 with tri-n-butyltin hydride . 
154 . 
a) . A solution of 127 (880 mg , 3 mmol) . AIBN (- 10 mg) and tri-.!.!-butYltin hydride 
(873 g, 3 mmol , 0 .03 M) in dry degassed benzene (100 .0 mL) was heated at reflux 
under nitrogen for 16 h. The solvent was removed under reduced pressure. 
Chromatography of the residue on silica gel using I % ethyl acetate in hexane as the 
eluant gave an inseparable mixture of the two geometric isomers of I-methylthio-2-
(2-bromophenyl)ethylene (460 mg, 67% ). 
Further elution with ethyl acetate gave the unreacted starting material (- 15 %) . 
b). A solution of 127 (293 mg, 1 mrnol) , AIBN (- 10 mg) and tri-.!.!-butyltin hydride 
(256 g , 0.89 mmol , 0.027 M) in dry degassed benzene (32 mL) was heated at 50°C 
for 6 h. TLC experiments showed the presence of the starting material only. More 
AIB'N (- 10 mg) was added and the solution heated for a further 3 h. However, no 
reaction was observed. 
c). The above experiment was repeated at a higher stannane concentration. A 
solution of 127 (176 mg, 0.6 mrnol), AIBN (- 10 mg) and tri-.!.!-butyltin hydride 
(175 g, 0.6 mrnol, 0.3 M) in dry degassed benzene (2 mL) was heated at 50°C for 
6 h. TLC experiments showed the presence of the starting material only. More 
AIBN (5 x 10 mg) was added and the solution heated for a further 48 h. Again , no 
reaction was observed. 
[2,2-Bis(methylthio)ethyl]be~zene 138. 
Following standard procedure 1.4 , bismethylthio methane (220 mg, 2.04 mmol) and 
benzyl bromide (348 mg, 2.04 mrnol) were allowed to react. Purification by 
chromatography gave the title compound (65%), bp 125-130 °C at 0.07 mm Hg. 
C
lO
H
14
S
2 
requires: C, 60.56; H, 7.11 %. Found: C, 60.49; H, 6.85 %. 
IH NMR (COCl3) 0 7.28 (5H. bs. aryl ); 3.86 ( lH. t. J=8 Hz. PhCH2CH); 3.08 
(2H. d. J=8 Hz , PhCH2); 2.11 (6H . s. 2 x SCH3). 
155 . 
13C NMR (COC13) (XL 200) 0 129.1. 128.3. 126.8 (aryl); 55 .8 (PhCH2CH); 41.6 
(PhCH2) : 13 .0 (2 x SCH3). 
Mass spectrum: mlz 198 (M+ . 9 %); 151 (67 %); 136 ( 15 %); 107 (75 %); 91 
(100%). 
Exact Mass: C lOH14S2 (M+ ) requires; 198 .0537. Found: 198.0537. 
3-Methylthio-2,3-dihydrobenzolElthiophene 137. 
A solution of 137 (1.38 g, 5 mmol) in dry degassed benzene (1 00.0 mL) was 
brought to reflux under N2. To this was added dropwise a solution of tri-E-butyltin 
hydride (1.46 g, 5 mmol) and AIBN (40% ) in dry degassed benzene (20 mL) over a 
period of 10 h by means of a syringe pump. The resultant solution was heated at 
reflux for a further 8 h. The solvent was removed under reduced pressure and the 
crude mixture chromtographed on silica gel. Elution with hexane/ethyl acetate 
(30 : 1) gave the title compound (800 mg, 88% ), bp 99-101 °C at 0.05 mm Hg. 
IH NMR (COC13) 0 7.28-7.00 (4H , m, aryl); 4.90 (IH, dd, J=4 , 8 Hz, 
PHCH
2
CH); 3.66 (IH, dd, J=8 , 16 Hz. PhCH) ; 3.32 (IH , dd, 1=4, 16 Hz, PhCH); 
2.18 (6H, s, 2 x SCH3)· 
13C NMR (COC13) 0 127.6, 124.6, 122.2 (aryl); 56.1 (PhCH~H); 43.6 (PhCH2); 
14.5 (2 x SCH3). 
Mass spectrum: m/z 182 (M+, 61 %); 166 (52%); 135 (100%); 107 (36%); 91 
(36%). 
Exact Mass; C
9
H lOS2 (M+) requires; 182.0224. Found; 182. 0224. 
(2-Methylthioethyl)benzene 142. 
Following a procedure similar to that of the preparation of 2-bromo-l-[2-
(methylthio)ethyl]benzene 92, the title compound was prepared from 
2-bromoethylbenzene (1.0 g, 5.5 mmol) in 80%. The spectral properties were 
consistent with those sited in literature. 83 
156 . 
Preliminary experiments of 2-bromo-I-(2.2-bis(methylthio)ethyIJbenzene 135 with 
tri-n-butyltin hydride. 
a) . A solution of 135 (57 mg , 0. 205 mmol), AIBN (- 4 mg) and tri -~-butyltin 
hydride (58 g, 0.199 mmo!. 0.10 M) in dry degassed benzene (2.0 mL) was heated 
in a reaction vial at 80 0 C for 8 h. The analysis of the reaction mixture by gc 
indicated the presence of dihydrobenzo[~ ]thiophene ~ (2 %), 
(2-methylthioethyl)benzene 142 (1.7 %), 3-methylthio-2 ,3-dihydrobenzo(E]thiophene 
(58% ) and [2 ,2-bis(methylthio)ethyl]benzene 138 (40 %) as detected by the 
comparison of the retention times with those of authentic samples. 
b). A solution of 135 (30 mg , 0.108 mmol), AIBN (- 4 mg) and tri-~-butyltin 
hydride (273 mg , 0.94 mmol , 0 . 19 M, 9 eq) in dry degassed benzene (5 mL) was 
heated at 80 0 C for 8 h. The analysis of the reaction mixture by gc indicated the 
presence of dihydrobenzo[E]thiophene ~ (13 %), (2-methylthioethyl)benzene 142 
(38%) , 3-methylthio-2 , 3-dihydrobenzo~]thiophene (37 %) and 
[2,2-bis(methylthio)ethyl]benzene 138 (13 %) as detected by the comparison of the 
retention times with those of authentic samples. 
2-Iodo-1-[2,2-bis(methylthio)ethyl]benzene 163. 
Following standard procedure 1.4 , bismethylthio methane (960 mg, 8.9 mmol) and 
2-iodobenzyl bromide (2.64 g, 8.9 mmol) were allowed to react. The product 
isolated after chromatography (-60 %) could not be distilled as it underwent an 
elimination reaction at high temperatures. 
IH NMR (CDC1
3
) 0 7.83 (1~, d, J=8 Hz , aryl); 7.37-7.23 (2H , m, aryl); 7.00-6.89 
(lH , m, aryl); 4.01 ( IH , t, J=8 Hz, PhCH2CH); 3.19 (2H , d. J=8 Hz, PhCH2) ; 
2 . 14 (6H, s, 2 x SCH3)· 
13C NMR (CDC1
3
) 0 141.0. 139.6, 132.9, 131.3 , 128.6, 128.0 (aryl); 53 .99 
(PhCH£H); 46.31 (PhCH2); 13 .35 (2 x SCH3) · 
i57 . 
Mass spectrum: m/z 277 (12%); 197 (50 %); 150 (44% ): L35 (44% ): 107 (100%). 
Exact Mass : C9HlOIS (M+ - SCH3) requires; 276.9548. Found: 276 .9549. 
2-Iodo-I-[ (2-methylthio-2-methylsulphinyl)ethyl]benzene 143. 
Following standard oxidation procedure 1.2, 2-iodo-1-[2,2-
bis(methylthio)ethyl]benzene 163 (1 g, 3.1 mmol) was oxidised with 
3-chloroperbenzoic acid (536 mg, 3.1 mmol). Purification by chromatography gave 
the title compound (55 %) as a mixture of the two diastereoisomers. The compound 
was unstable to heat and could not be distilled. 
ClOH13 IOS2 requires: C, 35.30; H. 3.85; I , 37.30; S, 18.47%. Found: C,35.12 ; 
H, 3.99; I , 37.01; S, 18.47%. 
IH NMR (CDC13) (both diastereoisomers) <5 7.85 (2H, d , J=8 Hz, aryl); 7.38-7.30 
(4H, m, aryl); 7.03-6.93 (2H, m, aryl); 3.99-3.48 (4H, 4 x dd , PhCH2); 3.08-2.82 
(2H, 2 x dd , PhCH2CH); 2.78, 2.68 (6H , 2 x s, SOCH3); 2.18 , 2.17 (6H , 2 x s, 
SCH3) · 
13C NMR (CDCI3) (both diastereoisomers) <5 139.7, 139.1, 128.9, 128.2, 128.0 
(aryl) ; 67.2 , 65 .5 (PhC~); 38.1 , 37.1 , 35.9 , 33.3 ~HSO.fH3); 15.8, 15.0 (SCH3) · 
Mass spectrum: m/z 277 (100%); 150 (7 1 %); 149 (74%); 135 (78%); 143 (87 %); 
102 (29%). 
\)max (neat) 1050 em-I. 
[(2-Methylthio-2-methylsulphinyl)ethyl]benzene 130. 
Following standard oxidation procedure 1). [2 .2-bis(methylthio)ethyl]benzene 138 
(300 mg, 1.51 mmol) was oxidised with 3-chloroperbenzoic acid (261 mg, 1.51 
mmol). Purification by chromatography gave the pure compound (52 %) as a 
mixture of the diastereoisomeres. The compound was unstable to heat and could not 
be distilled. 
13C NMR (CDC13) (both diastereoisomers) <5 136.8, 129.2. 128.6, 127.0 (aryl); 
69.5,67.7 (PHCH
2
); 36.6, 33.5,29.7, 26.7 ~HS0.fH3) ; 14.1. 13 .8 (SCH3)· 
Mass spectrum: m/z 151.1 (100%); 136.1 (26%); 103.1 (39%); 91.1 (30%). 
Exact Mass: C9H II S (M + - SOCH3) requires: IS 1.0581. Found; IS 1.0585 . 
v
max 
(neat) 1045 em-I . 
3-Methylsulphinyl-2,3-dihydrobenzo~]thiophene 129. 
158 . 
Following standard oxidation procedure 1.2 , 3-methyl thio-2.3-
dihydrobenzo(~]thio.phene 137 (500 mg , 2.75 mmol) was oxidised with 3-
chloroperbenzoic acid (570 mg , 3.3 mmol) to give the title compound in 85 % yield. 
None of 3-methylthio-2,3-dihydrobenzo[~]thiophene-I-oxide 131 was observed. 
13C NMR (CDCl3) 0 137.7, 136.3 , 128.0, 125.6, 125.4. 122.0 (aryl); 69.1 
(PhCH2); 37.2, 36.2 ~HSO~H3)' 
The reaction of 2-iodo-l-(2-methylthio-2-methylsulphinyl)ethyl]benzene 143 with 
tri-n-butyltin hydride. 
a) . A solution of 143 (140 mg , 0.412 mmol), AIBN (- 15 mg) and tri-.!!-butyltin 
hydride (144 mg, 0.494 mmol , 0.25 M) in dry degassed benzene (2 mL) contained 
in a reaction vial was heated at 50 0 C for 8 h. TLC experiments showed the 
presence of only the starting material. The reaction mixture was heated for a further 
16 h with the addition of more AIBN (4 x 8 mg). The solvent was removed under 
reduced pressure. 1 H NMR analysis of the crude mixture indicated the presence of 
the starting material only. 
b). The above experiment was repeated using !-butyl hyponitrite as the initiator. A 
solution of 143 (340 mg , 1 mmol), !-butyl hyponitrite (- 15 mg) and tri-.!!-butyltin 
hydride (582 mg, 2 rnrnol, 0.1 M) in dry degassed benzene (20 mL) was heated at 
50 0 C for 8 h. TLC experime,nts showed the presence of only the starting material . 
The reaction mixture was heated for a further 40 h with the addition of more initiator 
(6 x 10 mg). The solvent was removed under reduced pressure and the crude 
mixture chromatographed on silica gel. Elution with hexane gave benzo(~]thiophene 
(_ 10 mg, - 35%) and probably a trace of2-methylthiophenylethylene. Further 
elution with ethyl acetate gave the starting material (- 10 mg, - 3%), the reduced 
159 . 
compound [(2-methylthio-2-methylsulphinyl)ethyl)benzene 130 (30 mg , 14 %) and an 
inseparable mixture of starting material, [(2-methylthio-2-
methylsulphinyl)eth yl ]benzene 130. 3-methylsulphinyl-2.3-dihydrobenzoC21thiophene 
129 and other unidentified compounds . 
Kinetic studies carried out with tri-.!,!-butyltin hydride. 
Stock solutions of the substrate and tri-~-butyltin hydride in corresponding solvent 
were prepared as described in method 1 (for second order conditions) or method 2 
(for pseudo first order conditions). Samples prepared as described (method 3) were 
either thennolysed in constant temperature oil baths (T ~ 50 0 C) or photolysed, in 
constant temperature water baths (using a 250 W mercury lamp) (T < 50 0 C) for 3-
6 h. The reaction mixtures were analysed by either gas chromatography or hplc. 
2-Bromo-l-{2-[ (1, I-dimethylethyl)thio ] ethyl } benzene 93. 
Kinetic studies were carried out under second order conditions . The standard 
solutions were prepared as described in method 1 using benzene as the solvent. The 
samples were prepared as described in method 3. The reaction mixtures were 
analysed by gas chromatography using column type C. 
2-Bromo-l-[2-(benzylthio )ethyl]benzene 94. 
Kinetic studied were carried out under second order conditions. The standard 
solutions were prepared as described in method 1 using benzene as the solvent. The 
samples were prepared as described in method 3. The reaction mixtures were 
analysed by gas chromatography using column type B. 
2-Bromo-l-{2-[ (1, I-dimethylethyl)sulphinyl]ethyl} benzene 109. 
Kinetic studies were carried out under pseudo first order conditions. The standard 
solutions were prepared as described in method 2 using cyclohexane as the solvent. 
The samples were prepared as described in method 3. The reaction mixtures were 
analysed by high pressure liquid chromatography using a 25cm x lOmm P/W Alltech 
160. 
CN-bonded 1~ hplc column. The compounds were decteded using an ultraviolet 
detector (at 215 nm). Hexane/ethyl acetate (3 : 2) was used as the eluent. 
2-Bromo-l-[2-(benzylsulphinyl)ethyl]benzene 110. 
Kinetic studies were carried out under pseudo fust order conditions. The standard 
solutions were prepared as described in method 2 using benzene as the solvent. The 
samples were prepared as described in method 3. The reaction mixtures were 
analysed by hplc using a 25cm x lOmm P/W Alltech CN-bonded l~ hplc column. 
The compounds were detected using an ultraviolet detector (at 215 nm). 
Hexane/ethyl acetate (3 : 2) was used as the eluent. 
Chapter 2. 
Attempted preparation of unsymmetrical disulphides. 
1). By the use of diethvl azodicarboxylate (DEAD). 
a). 5-Mercaptopentanoic acid 252. 
161. 
Following the procedure by Danehy et al ,121 the title compound was prepared as a 
colourless oil from 5-bromopentanoic acid (10.0 g, 55 mmol). The spectral details 
were consistant with those cited in the literature. 
b). Attempts made at the preparation of 5-(phenyldithio)pentanoic acid 258: 
5,5' -dithiodipentanoic acid 164. 
Following the procedure by Mukaiyama and Takahashi ,109 5-Mercaptovaleric acid 
(1.0 g, 7.46 mmol) was added to a solution of DEAD (1.04 g, 5.96 mmol) in dry 
ether (50.0 mL) and the resultant solution was stirred at room temperature for 5 h 
under an atmosphere of N2. The dark orange solution turned a pale yeUow colour. 
To this was added thiophenol (656 mg, 5.96 mmol) and the reaction mixture was 
stirred for a further 20 h at room temperature. The precipitate formed was filtered 
off. In an attempt to further purify the required compound, an acid base extraction 
was carried out. Hence, the filtrate was poured into a saturated solution of sodium 
bicarbonate (30 mL). The aqueous layer was acidified, extracted with CH2C~ 
(3 x 30 mL), dried (MgS04) and concentrated to give 5,5'-dithiodipentanoic acid 
164 as a colourless solid. Recrystalisation (ethanol/water) gave colourless needles, 
mp 76-77 °C. 
ClOH1S04S2 requires: C, 45.09; H, 6.81; S, 24.07%. Found: C, 45.36; H. 7.10: 
S.24.66%. 
IH NMR (CDCI
3
) 0 2.70 (4H, t, J=6 Hz, 2 x C~S); 2.40 (4H, t, J=7 Hz, 2 x 
CH2C02H); °1.79-1.70 (8H, m. 4 x CH2)· 
l3C NMR (CDCl3) 0 179.7 (C= O); 38.6 (SCH2); 33.5 (fH2C02H); 28.5. 13.4 
(CH2C~), 
Mass spectrum: m/z 266.1 (M+, 6%); 101.1 (73%); 55 .1 (1 00 %). 
\)max (CH2C~ film) 3200-2700 (broad band. OH): 1695 (C= O) em-I. 
2). Sulphenylchloride method. 
a). Sulphenylchloride. 
l62 . 
Following the procedure by Stepanov et al ii 0 the title compound was prepared from 
diphenyl disulphide (10.0 g) and chlorine gas. 
b). Attempted preparation of 5-(phenyldithio )pentanoic acid 258. 
According to the procedure by Stepanov et al iiO a solution of sulphenylchloride (528 
mg , 3.66 mmol) and 5-mercaptovaleric acid (490 mg , 3.66 mmol) in dry ether was 
heated at reflux for 2 h. Once again as a further purification step , the resultant 
mixture was subjected to an acid/base work-up process. 5 ,5 ' -Dithio dipentanoic acid 
was obtained as a colourless solid. 
3). By the exchange of two symmetrical disulphides. 
a). Attempted preparati<:m of 5-(phenyldithio)pentanoic acid 258 . 
A mixture of diphenyl disulphide ( l.53 g, 7.04 mmol) and 5,5 ' -dithio dipentanoic 
acid ( l.25 g, 4.69 mmol) was heated at 100°C for 16 h. The resultant mixture was 
dissolved in CH2C~ and subjected to an acid-base work-up process. 
5 ,5 ' -Dithiodipentanoic acid was obtained. 
4). By the sulphenimide method. 
a). N-Phenylthiophthalimide. 
Following the procedure by Behforouz et al ll i b the title compound was prepared 
from phthalimide (1.02 g, 6.92 mmol) and sulphenyl chloride (1.0 g, 6.92 mmol). 
The spectral data was consistent with that cited in the literature. 
b). Attempted preparation of 5-(phenyldithio)pentanoic acid 258 . 
Following the procedure by Harpp et al, lila a solution of N-phenylthiophthalimide 
(500 mg , l.96 mmol), 5-mercaptovaleric acid (263 mg , 1.96 mmol) in benzene 
(25 mL) was heated at reflux for 24 h. As above , the resultant solution was 
l63 . 
subjected to an acid-base work-up process to give 5.5 ' -dithiodipentanoic acid as a 
colourless solid. 
5-[ (1,1-Dimethylethyl)dithio ]pentanoic acid 254 . 
Standard procedure 2.1 for the preparation of unsymmetrical disulphides. 
Following the procedure by Sunner et al ,1 22 a mixture of 5 ,5 ' -dithiodipentanoic acid 
(1.06 g, 4 mmol) , di-~-butyldisulphide (2.14 g, 12 mmol) and iodine (127 mg , 0.5 
mmol) was heated at 100°C for 16 h. The resultant mixture was chromatographed 
on silica gel. Elution with CH2Cl2 gave the excess di-~-butyldisulphide. Further 
elution with ethyl acetate gave the title compound (80 %) as a colourless oil. 
IH NMR (CDCl3) (XL 200) & 2.71 ( lH, t, J=7 Hz , SC~); 2.38 (2H , t, J=6 Hz , 
CH2C02H) ; 1.71-1.70 (4H , m, 2 x CH2); 1.33 (9H , s, 3 x CH3) · 
13C NMR (CDCI3) (XL 200) & 178.9 (C=O); 47.8 (f(CH3)3); 40.1 (SCH2); 33.5 
(fH2C02H); 29.9 (3 x CH3); 28.6. 23.5 (2 x CH2)· 
Mass spectrum: m/z 222 (M+. 10%); 165.9 (18%); 148.0 (20%); 101.1 (16%); 
57.0 (100%). 
Exact Mass: C9HlS02S2 (M+) requires; 222.0748. Found; 222.0748. 
\)max (CH2C~ fllm) 3400-2900 (broad band, OH); 1710 (C=O) em-I. 
1-{ [1-0xo-5-«(1, I-dimethylethyl)dithio)pentyl]oxy} -2(1H)-pyridinethione 176. 
Standard procedure 2.2 for the preparation of carboxylic acid-thiohydroxamic acid 
mixed anhydrides . I 17 
A solution of 5-[(1, I-dirnethylethyl)dithio ]pentanoic acid 254 (222 mg, 1 mmol) , 
oxalyl chloride (1 mL) in benzene (10 mL) was stirred at ambient temperature for 2 
h, under nitrogen. The solvent and excess oxalyl chloride were removed under 
reduced pressure to give a colourless oil. To this was added N-hydroxypyridine-2-
thione sodium salt (179 mg, 1.2 mmol) dissolved in CH2C~ (15 mL) and the 
resultant solution was stirred at room temperature for 0.5 - 2 h in the dark. The 
precipitate (NaCl) was filtered off and the filtrate concentrated. The crude mixture 
was chromatographed on buffer (pH 7.6) washed silica gel using either dry CH2 Cl2 
164. 
(distilled over CaH) or chlorofonn as the eluent to give the title compound as a dark 
yellow oil (60 - 80 %). 
Photolysis of 1- {[ l-oxo-5-( ( 1.I-dimethvlethyl)dithio )penty1loxy} -2( I H)-
pyridinethione 176: 2-[(1, 1-dimethylethyl)ditbio ] pyridine 180. 
A solution of 176 (50 mg, 0.15 mmol , 0.2 M) in benzene (0.75 mL) contained in a 
reaction vial was irradiated with ultraviolet light at 80 0 C. The bright yellow 
solution turned colourless. Gas chromatography analysis of the resultant solution 
indicated the presence of tetrahydrothiophene and another corppound. Benzene and 
tetrahydrothiophene were removed under reduced pressure to give the title compound 
as a clear oil. 
IH NMR (CDCI3) <5 8.42 ( IH , dd, 1=2, 4 Hz, pyridyl); 7.79 ( IH , dd , 1=2, 8 Hz , 
pyridyl) ; 7.65-7.57 (IH, m. pyridyl); 7.65-7.57 ( IH , m, pyridyl); 1.34 (9H, s, 3 x 
CH3)· 
l3C NMR (CDCI3) <5 159.1 (pyridyl 2C); 149 .1 (pyridyl 6C) ; 136.7 (pyridyl C4); 
120.3, 119.6 (pyridyl C3, C5); 49.1 ~(CH3)3); 29.7 (3 x CH3)· 
Mass spectrum: mlz 199.0 (M+ , 7%); 142.9 (100%). 
Exact Mass: C9H13NS2 (M+) requires; 199.0489. Found; 199.0409. 
Preparation of an authentic sample: (1, 1-dimethylethyl)-.!!-butyl disulpbide 181. 
Following the standard procedure 2.1, the title compound was prepared from 
di-!-butyl disulphide and di-,!!-butyl disulphide. Purification of the compound was 
impossible. The crude product contained the two starting materials as impurities. 
Hence, this mixture, as it was, was used in the comparison of gc retention times. 
5-(Phenyldithio)pentanoic acid 258. 
Following the standard procedure 2.1, the title compound was prepared from 
diphenyl disulphide (3.0 g, 13.8 mmol) and 5 ,5'-dithiodipentanoic acid (1.0 g, 3.76 
mrnol) as a colourless oil (70 %). 
165 . 
IH NMR (CDCI3) 15 7. 55-7.50 (2H. m. aryl); 7. 35-7. 15 (3H. m, aryl); 2.77-2.70 
(2H. m. SCH2); 2 .31 (2H. t. J= 7 Hz . CH2C02H): 1. 75- 1. 67 (4H. m. 2 x CH2) . 
13C NMR (CDCI3) 15 179.4 (C=O); 137.4 . 128 .9. 127.6. 126.7 (aryl): 38.3 
(SCH2); 33 .4 (CH2C02H); 28.0 , 23 .3 ( 2 x CH2). 
Mass spectrum: m/z 242. 2 (M+, 100 %); 142 .1 (73%); 109 . 1 (81 %); 10 1.2 (90 %) . 
Exact Mass: Cll Hl40 2S2 (M+) requires ; 242. 0435. Found; 242 .0436. 
1-{ [1-0xo-5-(phenyldithio )pentyl)oxy] -2 (1 H)-pyridinethione 182. 
Following the standard procedure 2 .2 , the title compound was prepared from 
5-(phenyldithio)pentanoic acid 258 (600 mg , 2 .48 mmol) and N-hydroxypyridine-2-
thione sodium salt (447 mg , 3.0 mmol) as a dark yellow oil (60 %) . 
IH NMR (CDCI3) 15 7.67 ( IH , d , J=8 Hz); 7.56-7.52 (3H , m); 7.38-7.15 (5H , m); 
6.63 (1H, ddd, J= 2, 8, 8 Hz); 2 .81-2.64 (4H , overlap , SC~ , CH2C02); 1.96-1.77 
(4H , m, 2 x CH2) . 
13C NMR (CDCI3) 15 168.4 (C=O); 137.5 , 137. 1, 133.5. 128.9 , 127.4, 127 .3 , 
127.0 , 126.7 , 112.6 (aryl , pyridyl); 37 .9 (SCH2); 30 .9 ~H2C02H); 27. 7, 22.8 
(2 x CH2) . 
"max (neat) 1805 , 1610 em-I . 
.!!-Butyl phenyl disulphide 187. 
Following the procedure by Mukaiyama and Takahashi ,109 the title compound was 
prepared from thiophenol (1.1 g, 10 mmol), DEAD (1. 74 g, 10 mrnol) and 
butanethiol (900 mg , 10 mmol) as a clear oil (65 %). 
IH NMR (CDCI3) 15 7 .37 (2H , m, aryl); 7.34-7. 14 (3H, m, aryl); 2.74 (2H , t, J=7 
Hz , SCH2); 1.73-1.56, (H, m, CH2); 1.50-1.28 (H, m, CH2); 0.88 (3H , t, J=7 Hz , 
CH3) ·· 
13C NMR (CDCI3) 15 128.9, 127.4 , 126.6 (aryl); 38.7 (SCH2); 30 .9 (SCH£H2); 
21.6 ~H2CH3) ; 13.6 (CH3)· 
Mass spectrum: mlz 198 (M+). 
Exact Mass: C lOHl4S2 (lV[+ ) requires; 198 .0537. Found; 198.0536. 
166. 
Photolysis of I- { [1-oxo-5-(phenvldithio)pentvljoxy }-2(l H)-pyridinethione 182 : 2-
(phenyldithio)pyridine 186. 
A solution of 182 (86 mg , 0.25 mmol. 0.2 M) in benzene (0.5 mL) contained in a 
reaction vial was irradiated with ultraviolet light at 50 0 C. The bright yellow 
solution turned colourless. Gas chromatography analysis of the resultant solution 
indicated the presence of tetrahydrothiophene. diphenyl disulphide and another 
compound. Benzene and tetrahydrothiophene were removed under reduced pressure 
and the resultant mixture was chromatographed on silica gel. Elution with CH2C!2 
gave the title compound as a clear oil. 
IH NMR (CDCI3) cS 8.49 8.43 (I H, m); 7.66-7 .58 (2H, m); 7.57-7.46 (2H, m); 
7.35-7.17 (3H, m); 7.13-7.05 ( IH , m). 
13C NMR (CDC!3) cS 160.0 (pyridyl C2); 149.5 (pyridyl C6); 137.2 (pyridyl C4); 
129.1, 127.4 , 127.3 (aryl); 120.9, 119.7 (pyridyl C3 , C5). 
Mass spectrum: mlz 219.1 (M+. 100%); 155.1 (56 %); 109.1 (76% ); 78.1 (67% ). 
Exact Mass: C ll H9NS2 (M+ ) requires ; 219.0716. Found; 219.0716. 
5-(Butyldithlo)pentanoic acid 259. 
10'\ 
Following the procedure by Mukaiyama and Takahashi , the title compound was 
prepared from butanethiol (1.08 g, 12 mmol) , DEAD (2.09 g, 12 nunol) and 5-
mercaptopentanoic acid (1. 78 g, 12 mmol) as a colourless solid (45 %) . 
IH NMR (CDCl3) cS 2.69 (4H , t , J=7 Hz, 2 x SCH2); 2.39 (2H, t, J=6 Hz , 
CH
2
C0
2
H) ; 1.80-1.55 (6H, m, 3 x CH2); 1.50-1.24 (2H , m, CH2); 0.92 (3H , t, 
J=7 Hz , CH3). 
13C NMR (CDCl3) cS 179.3 (C=O); 38.9, 38.5 (2 x SC~); 33.5 C,fH2C02H); 31.3 , 
28.5, 23.4, 21.6 (4 x CH2); 13.6 (CH3)· 
Mass spectrum: mlz 222.0 (M+, 20%); 176. (30%); 101.0 (52%). 
Exact Mass: C9HIS02S2 (M+) requires; 222.0748. Found; 222.0749. 
"max (CH2C~ film) 3500-2800 (broad band, OH); 1715 (C=O) em-I. 
167 . 
1-{ [l-0xo-5-(butyldithio)pentyl]oxy }-2(1H)-pyridinethione 188. 
Following the standard procedure 2.2. the title compound was prepared from 
5-(butyldithio)pentanoic acid 259 (540 mg. 2.43 mmol) and N-hydroxypyridine-2-
thione sodium salt (435 mg, 2.9 mmol) as a dark yellow oil (60%). 
IH NMR (CDCl3) <5 8.10 ( lH , dd. 1=2 , 8 Hz , pyridy l); 7.67 (I H, dd , J=2 , 8 Hz. 
pyridyl); 7.29 ( IH ; ddd , J-2 , 6, 8 Hz , pyridyl); 6.81 (I H, ddd , J=2, 6, 8 Hz , 
pyridyl); 2.69 (4H, t, J=7 Hz, 2 x SCH2); 2.40 (2H, m. CH2C02H); 1.79-1.59 
(6H , m , 3 x C~); 1.51-1.21 (2H, m, CH2); 0.92 (3 H, t, J=8 Hz , CH3)· 
13C NMR (CDC13) <5 (C =0); (aryl); (SCH2); ~H2C02H); (~ x CH2)· 
\)max (neat) 1710 (C=O) em-I. 
Photolysis of l-{ [1-oxo-5-(butyldithio)pentyl]oxy}-2( IH)-pyridinethione 118: 
2-(butyldithio)pyridine 192. 
A solution of 118 (92.5 mg, 0.28 mmol, 0.40 M) in benzene (0.7 mL) contained in 
a reaction vial was irradiated with ultraviolet light at 50 0 C. The bright yellow 
solution turned colourless. Gas chromatography analysis of the resultant solution 
indicated the presence of tetrahydrothiophene , dibutyl disulphide and another 
compound. Benzene and tetrahydrothiophene were removed under reduced pressure 
and the resultant mixture was chromatographed on silica gel. Elution with CH2 C~ 
gave the title compound as a clear oil. 
IH NMR (CDC13) <5 8.53-8.43 ( IH, m, pyridyl); 7.79-7.59 (2H, m, pyridyl); 7.16-
7.03 (lH, m, pyridyl); 2.80 (2H , t, J=8 Hz , SCH2); 1.77-1.56 (2H, m, CH2); 1.52-
1.28 (2H, m, CH2); 0.90 (3H, t, J=8 Hz, CH3)· 
13C NMR (CDCI3) <5 161.3 (pyridyl C2); 149.5 (pyridyl C6); 137.4 (pyridyl C4); 
121.1, 119.6 (pyridyl, C3 , C5); 38.7 (SCH2); 30.9 (SCH£H2); 21.6 ~H2CH3); 
13.6 (CH3). 
Mass spectrum: mlz 199.0 (M+, 2%); 143.0 (8%); 111.0 (100%). 
Exact Mass: C9H13NS2 (M+) requires ; 199.0489. Found; 199.0490. 
168. 
6-Mercaptohexanoic acid 253. 
1:2.1 
Following the procedure by Danehy et al . the title compound was prepared as a 
colourless oil from 6-bromohexanoic acid (20 .0 g, 102.6 mmol). 
lH NMR (CDCI3) 0 2.72-2.48 (2H. m, SCH2); 2.37 (2H, t. J=8 Hz. CH2C02H); 
1.74-1.40 (6H , m, ·3 x CH2); 1.35 ( IH , t, J=8 Hz, SH) . 
13C NMR (CDCl3) 0 179.8 (CO); 33 .8, 33 .S (SCH2, ~H2C02H) ; 27 .6, 24.3 , 24 .0 
(3 x CH2) . 
6,6'-Dithiodihexanoic acid 165. 
Following a literature proedure120 the title compound was prepared from 
6-mercaptohexanoic acid 253 (4.0 g, 27 mmol) as a colourless solid. 
Recrystalisation (ethanol/water) gave colourless plates, mp 68-70 0 C. 
C12H2204S2 requires: C, 48.95; H, 7.53 ; S, 21.78 %. Found: C. 48.83 ; H, 7.52 ; 
S,21.38%. 
IH NMR (CDCI3) 02.68 (4H , t. J=8 Hz. 2 x SC~) ; 2.35 (4H, t, J=7 Hz , 
2 x CH2C02H); 1.78-1.35 (12H, m, 6 x CH2)· 
l3C NMR (CDC13) 0 177.4 (C=O) ; 38.4 (SCH2); 33 .6 ~~C02H); 28 .5, 27.S, 
24.0 (3 x CH2). 
Mass spectrum: mlz 294.1 (M+, 8%); 115.1 (21 %); 55.1 (100%). 
'V
max 
(CH2C~ film) 3450-265 (broad band, OH); 1715 (C=O) em-i. 
6-[(1,1-Dimethylethyl)dithio]hexanoic acid 255. 
Following the standard procedure 2.1, the title compound was prepared from di-~­
butyl disulphide (3.63 g, 20.? mmol) and 6,6'-dithiodihexanoic acid 165 (2.0 g, 6.8 
mmol) as a clear oil. 
IH NMR (CDC13) 0 2.70 (2H, t, J=8 Hz. SCH2); 2.37 (2H , t, J=7 Hz, 
CH2C02H); 1.80-1.52 (6H. m, 3 x CH2); 1.33 (9H, s, 3 x CH3)· 
13C NMR (CDCI
3
) (XL 200) 0 179.9 (C=O); 47.5 (C(CH3)3); 40.3 (SCH2); 33.8 
~H2C02H); 29.8 (3 x CH3): 28.8, 27 .8. 24.1 (3 x CH2)· 
169 . 
Mass spectrum: mlz 236.3 (M+. 67 %); 180.2 (53 %); 162 .2 (72 %) : 101.2 (58 %): 
53 .5 (100% ). 
Exact Mass: CI oH20C2S2 (M+) requires: 236 .0905 . Found: 236.0904. 
\)max (CH2C~ film ) 3500-2700 (broad band. OH): 1710 (C=O) em-I. 
1-[ {1-0xo-«(l, 1-dimethylethyl)dithio)hexyl }oxy]-2(lH)-pyridinethione 202. 
Following the standard procedure 2.2. the title compound was prepared from 
6-(l , l-dimethylethyl)dithio]hexanoic acid 255 (500 mg , 2.12 mmol) and 
N-hydroxypyridine-2-thione sodium salt (379 mg, 2.54 mmol) . as a dark yellow oil 
(55 %) . 
lH NMR (CDCI3) & 7.69-7.57 (2H, m. pyridyl); 7.21 ( IH , ddd , J=2 , 8, 8 Hz. 
pyridyl) ; 6.65 ( lH. ddd , J=2 , 8, 8 Hz , pyridyl); 2.72 (4H, t, J=8 Hz , SCH2, 
CH1C02H); 1.95-1.38 (6H , m. 3 x CH1) ; 1.33 (9H , s, 3 x CH3). 
13.C NMR (CDCI3) (XL 200) & 175.7 (C=O): 168.7 (C=S), 137.6 , 137.2 , 133.6, 
112.6 (pyridyl); 47.7 (C(CH3)3); 40.2 (SCH2); 31.3 ~~C02H); 29.8 (3 x CH3); 
28.6 , 27.6, 23.8 (3 x CH1) · 
Preparation of an authentic sample: (l,l-dimethylethyl)-.!!-pentyl disulphide 205. 
Following the standard procedure 2.1, the title compound was prepared from 
di-!-butyl disulphide and di-E-pemyl disulphide. Purification of the compound was 
impossible. The crude product contained the two starting materials as impurities. 
Hence, this mixture , as it was. was used in the comparison of GC retention times. 
Attempted preparation of the thiohydroxamic ester of thioctic acid 208. 
Following the' standard procedure 2.2, the acid chloride was prepared from thioctic 
acid (206 mg, 1 mmol) and an excess of oxalyl chloride. To this was added a 
solution of N-hydroxypyridine-2-thione sodium salt (179 mg , 1.2 mmol) in CH2C~ , 
The solution resulted in a sticky glue. 
The preparation and thermol ys is of the thiohydroxamic ester of thioctic acid: 
di- {2-[3,4 ,S,6,-tetrahydro-[2H]-thiopyran-2-yl]ethyl disulphide 214 and 2-
(3,4,S,6,-tetrahydro-[2H]-thiopyran-2-yl)ethyl 2-pyridyl dulphide 213. 
170. 
Standard procedure 2 .3 fo r the preparation of carboxylic acid-thiohvdroxamic acid 
mixed an,hydrides. 118 
A solution of thioctic acid (1.5 g, 7.28 mmol), DCC (2.25 g, 10.9 mmol), DMAP 
(1.07 g, 8.74 mmol) and N-hydroxypyridine-2-thione (1. 11 g, 8.74 mmol) in 
benzene (50 .0 mL) was stirred at room temperature for t h. The solution was then 
heated at reflux for 3 h and the solvent removed under reduced pressure. The crude 
product mixture was chromatographed on silica gel. Elution with C~ C~ gave 214 
(200 mg) . 
IH NMR (CDC13) I) 2.83-2.72 (3H, m, CH2SCH): 2.67-2.60 (2H, m, SSCH2); 
1.98-1.79 (4H, m, 2 x CH2); 1.64-1.23 (4H, m, 2 x CH2)· 
13 . C NMR (CDC13) I) 41.1 (CH2S~H); 35.9. 35.3. 34.5,28.8.27.2,25.8 
(6 x CH2). 
Mass spectrum: mlz 322.1 (M+ , weak); 16l.0 (1 00 %); 129.1 (3%). 
Exact Mass: CI4H26S4 (M+) requires ; 322. 0917. Found; 322.0916. 
Further elution gave 213. 
IH NMR (CDC1
3
) I) 8.45 (IH , dd , J=2 , 4 Hz, pyridyl) ; 7.74-7.59 (2H , m, pyridyl); 
7.11-7.03 (IH, m, pyridyl); 2.97-2.75 (3H , m, CH2SCH); 2.68-2.54 (2H, m, 
SSCH
2
); 2.00-1.71 (4H , m, 2 x C~); 1.50-1.27 (4H, m, 2 x CH2). 
13C NMR (CDC1
3
) I) 160.3 (pyridyl C2); 149.5 (pyridyl C6) ; 136.8 (pyridyl C4) ; 
120.4, 119.6 (pyridyl C3, C5); 41.0 (C~S.fH); 36.0, 34.9, 34.4, 28.7, 27.2, 25 .7 
(6 x CH2). 
Mass spectrum: mlz 271.1 (M+, weak); 161.0 (100%). 
Exact Mass: C
12
H
17
NS3 (M+) requires; 271.0523. Found; 271.0523. 
C
7
H
13
S
2 
(M - C
s
H4NS) requires ; 161.0459. Found ; 161.0458. 
171. 
1-{(1-0xoheptyl)oxy]-2(lH)-pyridinethione 217. 
Following the standard procedure 2.2 . the title compound was prepared from 
heptanoic acid (520 mg , 4 mmol) and N-hydroxypyridine-2-thione sodium salt (7 15 
mg. 4.8 mmol) as a dark yellow oil (75 %) . 
IH NMR (CDC13) (, 7. 66 ( l H, dd , 1= 2. 8 Hz , pyridyl); 7.68 ( IH. dd. 1=2 . 8 Hz. 
pyridyl); 7 .21 ( IH ; ddd, J= 2, 8, 8 Hz , pyridyl); 6 .64 ( IH, ddd, 1=2 ,8 , 8 Hz , 
pyridyl) ; 2 .71 (2H. t , 1=7 Hz , CH2C02); 1.89-1.73 (2H, m, CH2CH2C02); 1.51 -
1.27 (6H , m , 3 x C~); 0.90 (3H, t , 1=7 Hz , CH3)· 
13C NMR (CDCl3) (, 175 .8 (C=O); 168 .9 (C=S); 137.6, 137.2 , 133.3 , 112.4 
(pyridyl); 31.S , 31.2 , 28.S, 24. 2 , 22 .3 (S x CH2); 13.9 (CH3)· 
\)max (CH2C~ film) 3S00-2800 (broad band, OH); 17 15 (C=O) em-I. 
Hexyl chloride. 
Following a standard procedure. from Vogels practical organic chemistry the title 
compound was prepared as a colourless oil from hexanol (31 .5 mL) and freshly 
distilled thionyl chloride (SS .O mL). 
Hexyl phenyl sulphide 220. 
Following the procedure by Herriott , 123 the title compound was prepared as a clear 
oil (82% ) from hexyl chloride (2.0 g, 16.8 rnmol) and thiophenol (1.85 g, 16.8 
mmol). 
IH NMR (CDCl
3
) (, (2H , m , aryl) ; (3H, m, aryl); (2H , m, SC~); (2H , t, 1= 7 Hz , 
CH2C02H); (4H, m , 2 x C~). 
13 C NMR (CDCl3) (, (C=O) ; (aryl); (SCH2) ; (fH2C02H); (2 x CH2)· 
Mass spectrum: mlz 194.2 (M+, 31 %) ; 123.1 (21 %); 110.1 (100%). 
Photolysis of 1-[( 1-oxoheptyl)oxy]-2( 1 H)-pyridinethione 21 7: hexyl-2-pyridyl 
sulphide 219. 
A solution of 217 (60 mg) in dry degassed benzene (5 mL) was irradiated with 
ultraviolet light for 3 h. The solvent was removed under reduced pressure and the 
172 . 
crude mixture was chromatographed on silica gel using hexane/ethyl acetate (2 : 1) 
to give the title compound. 
IH NMR (CDC13) 0 8.42 ( IH. d. J=4 Hz. pyridyl) ; 7.46 ( IH. ddd. J=2. 8. 8 Hz. 
pyridyl) ; 7.12 (tH. d. J=8 Hz. pyridyl); 6.96 (t H. ddd. J=2. 4.8 Hz. pyridyl): 
3.15 (2H. t, J=7 Hz , CH2S); 1.78-1.61 (2H. m. CH2CH2S): 1.52-1.23 (6H, m, 3 x 
CH2); 0.89 (3H , t, J=7 Hz , CH3). 
13C NMR (CDC13) 0 159.7 (pyridyl C2); 149.3 (pyridyl C6); 135.7 (pyridyl C4); 
122.2, 119 .1 (pyridyl C3, C5); 31.4 , 31.2.19 .3,18.6 ,22.5 (5 x CH2); 14.0 (CH3). 
Mass spectrum: m/z 195 .0 (M+ , 24%); 138.0 (61 %); 125.0 (81 %); 111.0 (100%); 
78.0 (43% ). 
Exact Mass: Cll H17NS (M+ ) requires ; 195.1082. Found; 195.1081. 
Butyl hexyl sulphide 221. 
Following the procedure by Herriott. 123 the title compound was prepared as a clear 
oil (62%) from hexyl chloride (3.6 g, 30 mmol) and butane thiol (2.7 g, 30 mmol). 
(l,l-dimethylethyl) hexyl sulphide 261. 
Following the procedure by Herriott , 123 the title compound was prepared as a clear 
oil (75%) from hexyl chloride (2.0 g, 16.8 rnrnol) and t-butyl thiol (1.51 g, 16.8 
mmol). 
IH NMR (CDCI3) 0 2.52 (2H, t, J=8 Hz, SCH2): 1.66-1.23 (8H, rn , 4 x CH2); 
1.32 (9H, s, 3 x CH3); 0.89 (3H, t, J=7 Hz, CH3r 
13C NMR (CDC13) 0 41.7 (f(CH3)3); 31.5 , 31.0,29.9,29.0,28.3,22.5 (5 x CH2); 
14.0 (CH3). 
Mass spectmm: m/z 174.2 (f'1+. 5%); 159.2 (2%); 117.1 (7%); 84.1 (18%); 57.0 
(100%). 
173. 
5-Benzoylthiopentanoic acid 262. 
Standard procedure 2.4. fo r the preparation of thio-esters. 
A solution of thiobenzoic acid (1.9 g, 13.8 mmol) and potassium hydroxide (784 
mg , 14 mmol) in dry ether (30.0 mL) was stirred vigourously at room temperature 
(6-10 h) till all of the potassium hydroxide disappeared. Ether was removed under 
reduced pressure , and the dark yellow residue dissolved in dry dimethyl form ami de 
(DMF. 25 mL). To this was added 5-bromopentanoic acid (2.54 g, 14.0 mmol) and 
the resultant mixture was stirred at ambient temperature for a further 16-20 h. The 
solution was poured into a saturated solution of sodium bicarbonate (30 mL) and was 
extracted with CH2C~ (3 x 30 mL). The aqueous layer was acidified, extracted with 
CH2C~ (3 x 30 mL) , washed with water (5 x 50 mL) dried (MgS04) and 
concentrated to give the title compound as a pinkish oil which solidified on cooling 
(80-90% ) . Recrystalisation (ethyl acetate/hexane) gave light pink coloured plates , 
mp 48-50 0c. 
C
12
H
I4
0
3
S requires: C, 60.48 ; H, 5.92; S, 13.45 %. Found; C, 60.64; H, 6.34; 
S, 13 .53%. 
IH NMR (CDCI3) 0 7.97 (2H , d, J=7 Hz , aryl); 7.61-7.39 (3H, m, aryl); 3.09 
(2H, t , J=6 Hz , SCH2); 2.46-2 .35 (2H, m, CH2C02H); 1.80-1.72 (4H , m, 2 x 
CH2)· 
I3C NMR (CDCl
3
) 0 191.7 (COS); 179.5 (C=O); 133.2, 128.4, 127.1 (aryl); 33.4 
~H2C02H); 28.9 , 28.4 , 23.7 (3 x CH2)· 
Mass spectrum: m/z 238 . 1 (M+, 4%); 116.1 (78% ); 105.2 (100%); 77.2 (89% ). 
Exact Mass: C12HI403S (M+) requires; 238.0664. Found; 238.0663 . 
"max (CH2C~ film) 3500-2600 (broad band, OH); 1705 (acid C=O); 1665 
(C=OS) em-I. 
1_[(l_Oxo_S_benzoylthiopentyl)oxy]-2(IH)-pyridinethione 222. 
Following the standard procedure 2.3, the title compound was prepared as an orange 
coloured solid (40% ) from S-benzoylthiopentanoic acid 262 (1.5 g, 6.3 mmol), DCC 
174. 
(1.95 g, 9.45 mmol) , DMAP (1.15 g, 9.45 mmol) and N-hydroxypyricline-2-thione 
(960 mg. 7.56 mmol). 
IH NMR (CDCI3) 0 7.92 (2H. d. J=8 Hz. aryl); 7.72-7.45 (4 H. overlap. aryl and 
pyridyl); 7.25-7.17 (lH. m. pyridyl): 7.64 (tH. ddd. 1=2.8.8 Hz pyridyl): 3.12 
(2H, t, 1=7 Hz. SCH2); 2.79 (2H, t. J=7 Hz. CH2C0 2); 2.04-1.80 (4H. m. 
2 x CH2). 
13C NMR (CDCI3) 0 191.7 (COS): 175.8 (COO); 168.5 (C=S) ; 137.6. 137.2. 
133.4, 133.3, 128.5, 127.1, 112.4 (aryl. pyridyl); 31.0 (CH2C02); 28.8, 28.2, 13.3 
(3 x CH2) . 
"'max (neat) 1810, 1660, 1610 em-I. 
Preparation of an authentic sample of thiobenzoic acid S-2-pyridyl ester 230. 
A solution of benzoyl chloride and 2-mercaptopyridine in benzene was stirred at 
room temperature for 16 h. The solvent was removed under reduced pressure and 
the resultant crude mixture was chromatographed on silica gel to give the title 
compound as a clear oil (60%). 
IH NMR (CDCI3) 0 8.67 (ll-I, d, 1=6 Hz); 8.00 (2H, d, 1=8 Hz); 7.77-7.27 
(6H , m). 
l3C NMR (CDCI3) 0 189.1 (COS); 150.3 (pyridyl C2); 137.0 (pyridyl C6); 133.7, 
130.6, 128.7, 127.4, 123.4 (aryl, pyridyl). 
Mass spectrum: mlz 215 (M+) . 
Exact Mass: C12H9NOS (M+) requires; 215.0405. Found; 215.0405. 
"'max (neat) 1680 (C=OS) em-I. 
4-Bromobutyl-2-pyridyl sulphide. 
Following the standard procedure 2.2, the title compound was prepared as a clear oil 
(80%) from 5-bromopentanoic acid (2 .0 g. 11 mmol) and N-hydroxypyridyl-2-thione 
sodium salt (1.9 g, 12.7 mmol). 
Preparation of an authentic sample of thiobenzoic acid S-4-(2-pyridylthio)butyl 
ester 226. 
175 . 
Following standard procedure 2.4. (he title compound was prepared as a light pink 
oil (75 %) from 4-bromobutyl-2-pyridyl sulphide (738 mg , 3 mmol) and thiobenzoic 
acid (500 mg , 3.6 mmol). 
lH NMR (CDCI3) &- 8.41 (IH , d, J=8 Hz); 7.06 (2H, d , J=8 Hz); 7.61-7.39 
(4H. m); 7.12 (l H, d , J=8 Hz); 7 .09-6.92 (lH , m) ; 3.31 (2H , t, J=7 Hz , SCH2); 
3.12 (2H, t, J= 7 Hz , SCH2); 1.89-1.81 (4H, m, 2 x CH2). 
l3C NMR (CDCI3) 0 191.0 (COS): 159.0 (pyridyl C2); 149.4 (pyridyl C6); 137. 1, 
135.8, 133.2. 128.5 , 127.1, 122.2. 119.2 (aryl , pyridyl); 29 .3, 28.7,28.6 , 28.5 
(4 x CH2). 
Mass spectrum: mlz 303.1 (M+. weak); 198.1 (27%); 105.1 (100%); 77.1 (41 %). 
Exact Mass: Cl6 H17 NOS2 (M+) requires; 303 .0752 . Found; 303.0781. 
C9H12NS2 (M - PhCO) requires; 198.0411. Found; 198.0411. 
"max' (neat) 1660 (COS) cm-l. 
S-Acetylthiopentanoic acid 264. 
Following standard procedure 2.4. the title compound was prepared as a yellow 
coloured oil (65 %) from thioacetic acid (1.52 g, 20 mmol) and 5-bromopentanoic 
acid (3.62 g, 20 mmol). 
lH NMR (CDCI3) 0 2.89 (2H, t, J=6 Hz, SC~); 2.38 (2H, t, J=8 Hz, 
CH
2
C02H); 2.33 (3H, s, CH3); 1.77-1.60 (4H, m, 2 x C~) . 
l3 C NMR (CDCI3) 0 195.8 (COS); 178.9 (C=O); 33 .2, 30.3 , 28.6, 28.4, 23.4 
(4 x CH2, CH3). 
Mass spectrum: mlz 176.0 (~+, weak); 133.0 (0.3%); 116.0 (19%); 83.9 (30%). 
Exact Mass: C
7
Hl20 3S (M+) requires; 176.0507. Found; 176.0507. CsH90 2S 
(M - CH3CO) requires; 133.0323. Found 133.0323. 
"max (neat) 3500-2800 (broad band, OH); 1700 (broad, C02 H, COS) cm-l. 
1-[ (l-Oxo-S-acetylthiopentyl)oxy ]_2(lH)-pyridinethione 223. 
176 . 
Following standard procedure 2.3. the title compound was prepared as a dark yellow 
oil (45% ) from 5-acetylthiopentanoic acid 264 ( l.76 g, 10 mmol), DCC (3.09 g, 15 
mmol). DMAP (1.83 g, 15 mmol) and N-hydroxypyridine-2-thione ( l.52 g, 12 
mmol). 
lH NMR (CDCl3) 0 7.71-7.61 (2H, m, pyridyl); 7.29-7.19 (lH , m, pyridyl) ; 6.69 
( IH , ddd, J=2. 8, 8 Hz, pyridyl); 2.91 (2H , t, J=7 Hz , SCH2) ; 2.74 (2H. t. J=8 
Hz. CH2C02); 2. 33 (3H, s. CH3COS); 1.96-1.63 (4H. m, 2 x C~) . 
l3C NMR (CDCl3) (XL 200) 0 195.7 (COS); 175.7 (C=O); 168.5 (C=S); 137.6, 
137.2. 133 .6 , 112 .6 (pyridyl) ; 30 .9 , 30.6,28.7,28.3 , 23.2 (~ x CH2 , CH3)· 
\)max (neat) 1805, 1685 , 1605 em-I. 
Preparation of an authentic sample of: thioacetic acid S-4-(2-pyridylthio)butyl 
ester 227. 
Following standard procedure 2.4, the title compound was prepared as a clear oil 
(80%) from 4-bromobutyl-2-pyridyl sulphide (73 8 mg , 3 mmol) and thioacetic aeid 
(260 mg, 3.4 mmol). 
IH NMR (CDCl3) 0 8.41 (1H. d. J=8 Hz, pyridyl); 7.46 (1H. ddd, J=2 , 8, 8 Hz. 
pyridy1); 7.15 (I H, d, J=8 Hz , pyridyl); 6.99-6.92 (I H, m, pyridyl); 3.17 (2H, t, 
J=7 Hz, SCH
2
); 2.91 (2H, t, J=7 Hz, SCH2); 2.31 (3H, s, CH3); 1.79-1.71 
(4H, m, 2 x C~). 
13C NMR (CDCI3) 0 195.4 (COS) ; 158.9 (pyridyl C2); 149.2 (pyridyl C6); 135.6 
(pyridyl C4); 122.0, 119.1 (pyridyl C3 , C5) ; 30.4,29.1,28.6,28.4 (4 x CH2 , 
CH3)· 
Mass spectrum: mlz 241.1 (M+, 4%); 198 .1 (72%); 166.1 (32%); 112.0 (100 %). 
Exact Mass: 'C
II 
H
1S
NOS2 (M+) requires; 241.0590. Found; 241.0619. 
\)max (neat) 1690 (C =OS) em-I. 
6-Benzoylthiohexanoic acid 263. 
177 . 
Following standard procedure 2.4. the title compound was prepared as a light pink 
coloured oil (82 %) from thiobenzoic acid (966 mg , 7 mmol) and 6-bromohexanoic 
acid (1.37 g, 7 mmol). 
IH NMR (CDCl]) 0 7.97 (2H. d. J=6 Hz. aryl); 7.61-7.39 (3H, m, aryl); 3.07 
(2H, t. J=7 Hz. SCH2); 2.38 (2H , t. J=8 Hz , CH2C02H); 1.79-1.40 (6H, m. 3 x 
CH2)· 
13C NMR (CDCI3) 0 191.9 (COS); 179.2 (C=O); 133 . 1, 128 .5 , 127.1 (aryl); 33.8 , 
29.2,28.7,28.2,24.1 (5 x CH2). 
Mass spectrum: mlz 252.1 (M+, 6%); 192.1 (4% ); 130.1 (76% ); 105.2 (100% ); 
77.1 (85 %) . 
Exact Mass : ClJHl60 3S (M+) requires; 252.0820 . Found; 252.0820 . 
"max (C~C~ film) 3500-2700 (broad band, OH); 1705 (acid CO) ; 1670 (C=OS) 
em-I. 
1-[( 1-0xo-6-benzoylthiohexyl)oxy] -2 (1 H)-pyridinethione 232. 
Following standard procedure 2.3. the title compound was prepared as an orange 
solid (40% ) from 6-benzoylthiohexanoic acid 263 (1.15 g, 4.56 mmol) , DCC (1.41 
g, 6.8 mmol), DMAP (830 mg , 6.8 mmol) and N-hydroxypyridine-2-thione (695 
mg, 5.47 mmol). 
IH NMR (CDCI3) 0 7.97 (2H, d, J=8 Hz , aryl); 7.71-7.40 (4H, overlap, aryl and 
pyridyl); 7.26-7.16 (IH , m, pyridyl); 6.63 (1 H, ddd. J=2 , 8, 8 Hz , pyridyl); 3.09 
(2H, t, J=7 Hz, SC~); 2.74 (2H. t, J=7 Hz , C!hC02); 1.95-1.54 (4H, m, 
2 x CH2). 
13C NMR (CDCl]) 0 191.9 (COS): 175.7 (C=O); 168.7 (C=S); 137.6, 137.3 , 
133.5, 133.2, 128.5 , 127.1. .112.5 (aryl, pyridyl); 31.3,29.1,28.6,28.0,23.7 
(5 x CH2). 
" (neat) 1810, 1660. 1610 em-I. 
max 
5-Bromopentyl-2-pyridyl sulphide. 
178 . 
Following standard procedure 2.2. the title compound was pr.epared as a clear oil 
(80 %) from 6-bromohexanoic acid (2 .0 g, 10 mmol) and N-hydroxypyridyl-2-thione 
sodium salt (1.8 g. 12 mmol ). 
Preparation of an authentic sample of thiobenzoic acid S-S-(2-pyridylthio)pentyl 
ester 236. 
Following standard procedure 2.4. the title compound was prepared as a light pink 
oil (65 %) from 5-bromopentyl-2-pyridyl sulphide (788 mg , 3.0 nunol) and 
thiobenzoic acid (500 mg , 3.6 mmol). 
l H NMR (CDCl3) 0 8.41 (IH. d , 1=8 Hz); 7.97 (2 H, d. 1=6 Hz); 7. 61-7.39 (4H, 
m); 7.16 ( IH , d , J=8 Hz); 6.99-6.92 ( IH , m); 3.17 (2H, t, J=7 Hz, SCH2); 3.08 
(2H , t , J=7 Hz , SCH2); l.85-l.50 (6H. m, 3 x CH2) · 
13C NMR (CDCl3) 0 19l.9 (COS); 159.3 (pyridyl C2); 149.4 (pyridyl C6); 135.7 , 
133.2 , 128.5.127.2. 122.2.119.2 (aryl , pyridyl); 29.8, 29.2. 29.0, 28.8, 28.1 
(5 x CH2) . 
Mass spectrum: mlz 317 . 1 (M+ . weak); 212.1 (15%); 180.1 (17%); 105.0 (100%). 
Exact Mass : ClOH14NS2 (M + - PhCO) requires ; 212.0568. Found; 212.0567. 
"max (neat) 1660 (C=OS) em-I. 
6-Acetylthiohexanoic acid 265. 
Following standard procedure 2.4 , the title compound was prepared as a clear oil 
(85%) from 6-bromohexanoic acid (3 .9 g, 20 mmo1) and thioacetic acid ( l.52 g, 20 
mmol). 
C
s
H
14
0
3
S requires: C, 50.50; H, 7.42%. Found: C, 50.71; H, 7.41 %. 
IH NMR (CDCl
3
) 0 2.87 (2H, t, 1=6 Hz, SCH2); 2.39-2.30 (2H, m, CH2C02H) ; 
2.33 (3H, s, CH3); 1.73-1.32 (6H, m. 3 x CH2)· 
13C NMR (CDCl
3
) 0 195.9 (COS) ; 179.1 (C=O); 33.6, 30.3, 28.9,28.6.27.9. 
23.9 (6 x CH2 , CH3)· 
Mass spectrum: mlz 190.1 (M+, 3 %); 130.2 (100 %); 102.1 (82%); 87.1 (40%); 
58.1 (55%). 
Exact Mass: CgH140 3S (M+ ) requires: 190.0664. Found: 190.0663. 
\)max (CH2 Cl2 film) 3400-2800 (broad band. OH); 1715 (C=O); 1695 (C=OS) 
em" . 
1-[ (l-Oxo-6-acetylthiohexyl)oxy ]-2-(lH)-pyridinethione 233. 
179 . 
Following standard -procedure 2.3, the title compound was prepared as a dark yellow 
oil (44%) from 6-acetylthiohexanoic acid 265 (1.93 g, 10 mmol). DCC (3.09 g, 15 
mmol), DMAP (1. 83 mg, 15 mmol) and N-hydroxypyridine-2-thione (1.524 mg , 12 
mmol). 
IH NMR (CDC13) 0 7. 69 ( IH , dd, J=2. 10 Hz, pyridyl); 7.58 (l H, dd , J= 2, 8 Hz. 
pyridyl); 7.26-7.18 ( lH , m, pyridyl); 6.65 (IH , ddd , J=2 , 8, 8 Hz , pyridyl); 2.89 
(2H, t, J= 7 Hz , SCH2); 2.73 (2H, t, J=7 Hz, CH2C02); 2.33 (3H, s, CH3SO); 
1.92-1.46 (4H , m, 2 x CH2). 
l3C NMR (CDC13) 0 195.8 (COS); 175.6 (C=O); 168.6 (C=S); 137.6, 137.1, 
133.5, 112.5 (pyridyl); 31.2 , 30.5, 28.9, 28.6, 27.8 , 23.6 (5 x CH2 , CH3)· 
\)max (neat) 1805, 1685, 1610 cm'l. 
Preparation of an authentic sample of: thioacetic acid S-S-(2-pyridylthio)pentyl 
ester 237. 
Following standard procedure 2.4, the title compound was prepared as a clear oil 
(80%) from 5-bromopentyl-2-pyridyl sulphide (73 8 mg , 3 mmol) and thioacetic acid 
(260 mg , 3.4 mmol). 
IH NMR (CDCI3) 0 8.41 (IH , d, J=8 Hz, pyridyl) ; 7.46 (l H, ddd, J=2 , 8, 8 Hz, 
pyridyl); 7.15 (lH, d, J=8 Hz, pyridyl); 6.96 (IH , ddd , J=2 , 8, 8 Hz , pyridyl) ; 
3. 17 (2H, t, J=7 Hz, SCH2); .2.87 (2H, t, J=7 Hz, SCH2); 2.32 (3H, s, CH3); 
1.81-1.45 (6H, m, 3 x CH2) . 
13C NMR (CDCI3) 0 195.7 (COS); 159.2 (pyridyl C2); 149.4 (pyridyl C6); 135.7 
(pyridyl C4); 122.1 , 119.1 (pyridyl C3 , C5); 30.5, 29.7, 29.1, 28.9, 27.9 (5 x CH2 
and CH3). 
180. 
Mass spectrum: m/z 255.1 (M+ . 3 %) : 212 .1 (39 %); L80.1 (64 %); LL1.0 (100%); 
78.1 (43% ). 
Exact Mass: C t2 H17NOS2 (M+) requires: 255.0752. Found : 255.0751. 
"max (neat ) L690 (C=OS) cm-t. 
3,3-Dimethyl-S-benzoylthiopentanoic acid 246. 
A solution of 3 ,3-dimethyl-4-enepentanoic acid (1.0 g, 7.81 mmol), thiobenzoic acid 
(1.08 g, 7.81 mmol) and dibenzoylperoxide (10 mg) was irradiated with a sunlamp 
for 3 days. The crude mixture was chromatographed on silica gel using hexane/ethyl 
acetate (5 : 1) as the eluent to give the title compound as a clear oil (45 %) . 
IH NMR (CDCl3) 0 7.95 (2H, dd, J=4 , 8 Hz, aryl); 7.63-7.38 (3H, m, aryl); 
3.10-3.02 (2H, m, SCH2); 2.34 (2H , s, C!:kC02H); 1.77-1.69 (2H, m, SCH2CH2): 
1.14 (6H , s, 2 x CH3)· 
13C NMR (CDCl3) 0 192.0 (COS); 178.0 (acid C=O):.1 37. 1, 133.7, 133.3 , .130. 1, 
L28 .6 , 127.2 (aryl); 45.6 (SCH2); 41.7 ~H2C02H): 33.7 ~(CH3)2); 27 .0 
(2 x CH3); 24.4 (SCH£H2)· 
Mass spectrum: m/z 266.2 (M+, 1 %); 144.1 (15%); 105.1 (100%); 77.1 (37%). 
Exact Mass: C14HlS03S (M+) requires; 266.0977. Found; 266.0977. 
\)max (CH2C~ fIlm) 3500-2800 (broad band, OH); 1710 (C=O); 1665 (COS) em-t. 
1-[ (l-Oxo-3 ,3-dimethyl-S-benzoylthiopentyl)oxy 1-2(lH)-pyridinethione 247. 
Following standard procedure 2.3, the title compound was prepared as a dark yellow 
solid (44%) from 3,3_dimethyl-5-benzoylthiopencanoic acid 246 (700 mg, 2.63 
mmol) , DCC (813 mg, 3.95 mmol) , DMAP (482 mg , 3.95 mmol) and 
N-hydroxypyridine-2-thione (401 mg . 3.2 mmol). 
IH NMR (CDCl
3
) 0 7.95 (2H, d , J=8 Hz); 7.74 (2H, d. J=6 Hz); 7.58 (1H. m); 
7.45 (2H, m); 7.27-7.16 (1H, m); 6.64 (lH. m); 3.12-3 .04 (2H. m, SCH2); 2.75 
(2H, s. CH2C02); 1.86-1.78 (1H, m, SCH2Cth); 1.24 (6H, 2 x CH3) · 
18 l. 
13C NMR (CDCI3) (XL 200) 0 192.0 (COS): 175 .8 (COO); 166.9 (C=S): 137.9. 
137.3. 136.9. 133.5 , 133 .3. 128.6. 127. 1. 112.5 (aryl. pyridyl); 42.0. 41.3 (SCH2 . 
CH2C02); 33.9 (~ (CH3)2); 27. 1 (2 x CH3); 24 .3 (SCH£H2). 
\)max (neat) 1800. 1660. 1605 em-I. 
Kinetic Experiments 
a) Solutions (1. 00 mL or 2.00 mL) of the substrate, the internal standard and the 
required thioi in benzene were made up. These were then transferred into reaction 
vials fitted with septum inlets. De-Oxygenation ws achieved by passing astream of 
nitrogen through the solution for 1-2 min. The vial was immersed in the required 
constant temperature bath and irradiated with either a sunlamp or anultraviolet lamp 
for 2-3 h. The test solution were then analysed by using type C and D gc columns. 
b) Solutions (1.00 mL or 2.00 mL) of the substrate and the internal standard in 
benzene were made up. These solutions were then degassed (as mentioned above) 
and irradiated with either a sun lamp or al'lultravioiet lamp for 2-3 h. 
Chapter 3. 
Erratum. In line 3 and other similar places "propene" should be "propenyl". 
1-(2-Bromo-2-propene)-2,S-pyrrolidinedione (327). 
Standard procedure 3. 1 for N-alkylation of succinimide. 
182. 
Sodium hydride (120 mg, 5 mmol) was added to a solution of succinimide (500 mg, 
5 mmol) in dimethyl sulphoxide (10 mL). Emission of hydrogen gas occured with 
violent bubbling. The reaction mixture was stirred at ambient temperature for 20 
min and then was cooled in an ice-water bath. To this was added 2,3-dibromo-2-
propene (1.0 g, 5 mmol) over a period of 0.5 h and the resultant red orange solution 
was stirred at room temperature for a further 16 h. The solution was poured in to 
cold water (20 mL) , extracted with dichloromethane, dried (MgS04) and 
concentrated under reduced pressure. Chromatography on silica gel using 
hexane/ethyl acetate (3 : 1) as the eluent gave the pure compound as a colourless oil 
(40-60%). 
I H NMR (CDCI3) 0 5.84-5 .82 (1H , m, C=CH); 5.62-5.61 (1H , m, C=CH) ; 4.36 
(2H, s, NCH2) ; 2.79 (4H, s, CH2CH2) · 
13C NMR (CDCI3) 0 175.8 (C=O); 125.1 , (fBr=CH2); 119.2 (CBr=.fH2); 45.5 
(NCH2); 27.83 (CH2CH2). 
1-(2-Bromo-2-propene)-S-[(1, I-dimethylethyl)thio]-2-pyrrolidinone (267). 
Standard procedure 3.2 for 5-thioalkylation of N-alkylated 2,5-pyrrolidinediones. 83 
To a solution of 1-(2-Bromo-2-propene)-2 ,5-pyrrolidinedione 327 (400 mg , 1.8 
mmol) in methanol (15 mL) cooled in an ice-water bath , was added four portions of 
sodium borohydride (4 x 50 mg) under nitrogen , at 10 min intervals. The resultant 
mixture was stirred at 0 0 C for another 45 min followed by the addition of another 
portion of sodium borohydride (50 mg) . After stirring for 1 h, the reaction mixture 
was poured into a saturated solution of sodium chloride and extracted with 
dichloromethane (3 x 30 mL) . The combined organic layers were dried (MgS04) 
and concentrated under reduced pressure to give a colourless oil. To this was added 
l83 . 
.Q-toluenesulphonic acid monohydrate (l5 mg) and ~-butylthiol (l65 mg , 1.8 mmol). 
The resultant mixture was stirred at room temperature for 5- LO h and 
chromatographed on silica gel using hexane/ethyl acetate (3 : l) as the eluent to give 
the pure compound as a colourless solid. (50-70 %). Recrystalisation (ethanol/water) 
gave colourless plates. mp 62-64 0 C. 
CllH1SBrNOS requires: C. 45.21; H, 6.21 ; N, 4.79; S, 10.97 %. 
Found: C, 45.50; H, 6.28 ; N, 4.80; S, 10.40% . 
IH NMR (CDCI3) 0 5.79 ( IH, bs , vinyl); 5 .61 (I H. bs, vinyl); 4.73-4.55 (2H, 
overlap, CHS, NCH); 3.83 ( IH , d , J = 16 Hz , NCH); 2.65-2.20 (4H , m, CH2CH2); 
1.34 (9H, s, 3 x CH3)· 
13C NMR (CDCI3) 0 173.9 (C=O); 128.4 (Br.f=CH2); 119.0 (C=.f~); 61.3 
(CHS); 47.6 (NCH2);,43.7 (.f (CH3)3); 31.4 (3 x CH3); 30.7,28.7 (CH2CH2)· 
Mass spectrum: mlz 294 ,292 (M+ + 1, weak); 204, 202 (100%). 
v
max 
(KBr peilet) 1695 (C=O); 1635 (C=C) em-I. 
1-(2-Propene)-2,5-pyrrolidinedione (329). 
Following standard alkylation procedure 3.2, the title compound was prepared from 
succinimide (5.0 g, 50 mmol) and 3-bromo-l-propene (6.0 g, 50 mmol) in 50-60% 
yield. 
IH NMR (CDCI3) 0 5.89-5.70 (IH, m, CH=C~); 5.25-5 .15 (2H, overlap, 
CH=CH2); 4.1 (2H, d, J=4 Hz, NCH2); 2.74 (4H, s, CH2CH2)· 
13C NMR (CDCI
3
) 0 176.4 (C=O); 130.5 (.fH=C~); 117.70 (CH=~~); 40.44 
(NCH2); 27.86 (CH2CH2)· 
Mass spectrum: m/z 139.1 (M+, 40%); 50 (100%). 
Exact mass: C
7
H
9
N02 (M) re~uires; 139.0633. Found; 139.0633. 
1-(2-Propene)-5-[ (1, 1-dimethylethyl)thio ]-2-pyrrolidinone (275). 
Foilowing standard procedure 3.2, the title compound was prepared as a colourless 
solid from 1_(2_propene)-2.5-pyrrolidinedione 329 (700 mg, 5 mmol) and ~-butyl 
thioi (447 mg, 5 mmoi) in 60% yield. Recrystalisation (ethanol/water) gave 
colourless plates. mp 38-40 0 C. 
184 . 
C 11 Hl9 NOS requires: C. 6l.93; H. 8.98: N, 6.57; S. 15.03 %. Found: C.6l.53: 
H. 9. 12: N. 6.37: S, 14.84 % . 
I H NMR (CDC13) 0 5.84-5.64 (l H, m, CH =CH2); 5.23 (IH. bs. CH =CH): 5.16 
( IH, d, J=8 Hz. CH=CH); 4.66 (l H, dd, J=2, 6 Hz , CHS); 4.40 (I H, ddd, J=2, 
4 , 15 Hz, NCH); 3.59 (I H, dd , J=7 , 15 Hz , NCH); 2.69-2.15 (4H. m, CH2CH2); 
1.36 (9H, s, 3 x CH3). 
13C NMR (CDC13) 0 173.6 (C=O); 132.4 ~H=CH2); 117.4 (CH=.fH2); 61.3 
(CHS); 43.4 ~(CH3)3); 41.9 (NCH2); 31.3 (3 x CH3); 30.7, 28.8 (CH2CH2)· 
Mass spectrum: m/z 214 (M++l, 2%); 158 (7%); 124 (1 00%). 
"max (KBr pellet) 1705 (C=O); 1645 (C=C) em-I. 
The reaction of l-(2-bromo-2-propene)-5-[( 1,I-dimethylethyl)thio ]-2-pyrrolidinone 
(267) with tri-n-butyltin hydride: 5-oxo-2-methylene-pyrrolodino-[2,1-E]-
thiazolidine 270. 
a). A solution of 267 (145 mg , 0.50 mmol), AIBN (- 5 mg) and tri-E-butyltin 
hydride (145 mg, 0.50 mmol , 0.1 M) in dry degassed benzene (4. 97 mL) was heated 
at reflux (under N2) for 8 h. The solvent was removed under reduced pressure and 
the crude mixture chromatographed on silica gel. MPLC with hexane/ethyl acetate 
(1 : 3) gave the unreacted starting material (- 2-3 %). 
Further elution gave 1-(2-propene)-5-[ (1, l-dimetbylethyl)thio J-2 -pyrrolidinone 275 
(70 mg, 66 %). The spectral data of this was consistant with those of the authentic 
sample. 
b). A solution of 267 (192 mg, 0.66 mmol) , AIBN (- 5 mg) and tri-.!:!-butyltin 
hydride (192 mg, 0.66 mmol, 0.05 M) in dry degassed benzene (13.16 mL) was 
heated at reflux (under N2) for 8 h. The solvent was removed under reduced 
pressure and the crude mixture chromatographed on silica gel. MPLC with 
hexane/ethyl acetate (1 : 3) gave unreacted starting material (40 mg , 21 %). 
185 . 
Funher elution gave 1-(2-propene)-5-[( l.l-dimethylethyl)thio )-2-pyrrolidinone 275 
(SO mg , 37%). The spectral data of this was consistant with those of the authentic 
sample 
Funher elution resulted in 270 (10 mg, 9% ) which on purification by hplc gave a 
colourless solid, mp 41-43 0 C. 
C7H9NOS requires: C. 54.82; H. 5.84 ; N, 9.02; S, 20 .66 %. Found: C, 53.82; 
H, 6.09 ; N. 8.60; S. 20.23%. 
IH NMR (CDCI3) S 5.36 (I H. dd. J=2 , 8 Hz , C=CH); 5.10 (I H, dd, J=2 , 8 Hz , 
C=CH) 4.79 ( IH . d. J= 16 Hz. NCH); 4 .35 ( IH. dd. J=6. 8 Hz. CHS); 3.64 
(lH, dd , J=2 , 16 Hz , NCH); 2.68-2.16 (4H, m, C~CH2)' 
13C NMR (CDCI3) S ·176.7 (C =0); 146.2 (S.f=CH2); 103.3 (SC =.fH2); 68.6 
(CHS) ; 50 .1 (NCH2); 30.2. 23.5 (CH2CH2)· 
Mass spectrum: m/z 155 (M+ , 100 %) . 
v
max 
(KBr pellet) 1710 (C=O); 1615 (C=C) cm- I. 
The reaction of 1-(2-bromo-2-propene)-5-[ ( 1.1-dimethylethyl)thio )-2-pyrrolidinone 
(267) with tri-n-butyltin deuteride. 
A solution of 267 (236 mg, 0.790 mmol) , AIBN (- 5 mg) and tri-E-butyltin 
deuteride (218 mg, 0.75 mmol, 0.03) in dry degassed benzene (25.0 mL) was heated 
at reflux (under N2) for 3 h. TLC experiments indicated the presence of the starting 
material. More initiator was added and the reaction mixture was heated for a further 
3 h , while being irradiated with ultraviolet light. The solvent was removed under 
reduced pressure and the crude mixture chromatographed on silica gel. MPLC with 
hexane/ethyl .acetate (1 : 3) g.ave the unreacted starting material (18%). 
Further elution gave 1-(2-propene)-5-[(l , l-dimethylethyl)thio ]-2-pyrrolidinone 275 
(63 mg , 37%). The 2H NMR spectrum of 275 in benzene (with - 1 % deuterated 
benzene) gave only a resonance at - 6 ppm. 
Funher elution gave 270 (15 mg , 12 %). The spectral details were consistant with 
the earlier sample . 
l86. 
1-(2-Bromo-2-propene)-S-benzylthio-2-pyrrolidinone (266). 
Following standard procedure 3.2. the title compound was prepared as a colourless 
oil. from 1-(2-bromo-2-propene)-2 .5-pyrrolidinedione 327 (796 mg, 3.65 mmol) and 
benzyl thiol (453 mg, 3.65 mmol) in 40-60 % yield as a colourless oil. 
IH NMR (CDCI3) 0 7.30 (5H , s, PhH); 5.70 (IH , S, C=CH); 5.55 (IH, s, C=CH); 
4 .63-4 .54 (2H. overlap , CHS, NCH); 3.78 (l H, d, J= 16Hz, NCH); 3.74 ( lH, d, 
J= 14 Hz SCHPh); 3.67 (I H, d, J= 14 Hz SCHPh); 2.6-2.1 (4H, m, C~CH1)' 
i3C NMR (CDCI3) 0 173.8 (C=O); 137.2, 128.0 , 127.4. 127.2 (aryl and ~=CH1); 
119.8 (C=C~); 63.0 (CHS); 47.6 (NCH2); 33.8 (SC~Ph); 29.3, 27.0 (CH2CH2)· 
Mass spectrum: m/z 246 (1 %); 204 , 202 (64%); 122 (46% ). C.I . (+ve): m/z 328 , 
326 (M + 1). 
Exact Mass: C7H9
79BrNO (M+ - SCH1Ph) requires ; 201.9867. Found; 
201.9867. 
\Jm~ (neat) 1700 (C =0); 1630 (C =C) em-i. 
1-(2-Propene)-5-benzylthio-2-pyrrolidinone (276). 
Following standard procedure 3.2 , the title compound was prepared from 
1-(2-propene)-2,5-pyrrolidinedione 329 (700 mg, 5 mmol) and benzyl thiol (615 mg, 
5 mmol) as a colourless oil (- 70 %). 
iH NMR (CDCI3) oS 7.30 (5H, bs, aryl); 5.77-5.54 (IH, m, CH=CH2); 5.16 
(IH, bs, CH=CH); 5.08 (IH, d, J= 14 Hz, CH=CH); 4.61-4.55 (IH, m, CHS); 
4.32 (IH, dd, J=4 [vicinal], 15 [geminal] Hz, NCH); 3.69 (lH. s, SCHPh); 3.68 
(IH, s, SCHPh); 3.55 (IH. dd, J=8 [vicinal]. 15 [geminal] Hz, NCH); 2.56-2.03 
(4H, m, CH2CH2)· 
i3 C NMR (CDCI3) oS 173.7 (C=O); 137.5, 132.0, 128.7, 128.6, 127.3 (aryl and 
CH =CH
2
); 118.3 (CH =~H2); 63.6 (CHS); 42.5 (NCH2); 34.0 (benzylic); 29.6. 
27.3 (CH2CH2)· 
Mass spectrum: m/z 248 (M++l. 2%); 247 (M. 2%); 156 (4%); 124 (100%); 91 
(42%). 
Exact mass: C14H17 NOS (M) requires: 247.1031. Found: 247 . 1030. 
'J
max 
(neat) 1695 (C=O); 1645 (C=C) em-I. 
The reaction of 1-(2-bromo-2-propene)-5 -benzylthio-2-pvrrolidinone 266 with 
tri-n-butyltin hydride. 
187 . 
A solution of 266 (150 mg, 0.45 mmol) , AIBN (- 7 mg) and tri7n-butyltin hydride 
(1 31 mg , 0.45 mmol , 0 .03) in dry degassed benzene (15 .0 mL) was heated at reflux 
(under N2) for 8 h. The solvent was removed under reduced pressure and the crude 
mixture was subjected to MPLC. Elution with hexane/ethyl acetate (1 : 1) gave the 
unreacted starting material (27 % ). 
Further elution gave a mixture of 270 and 1-(2-propene)-S-benzylthio-2-pyrrolidinone 
276. 
The reaction of 1-(2-bromo-2-propene)-5-benzylthio-2-pyrrolidinone 266 with 
tri-n ~butyltin deuteride. 
A solution of 266 (240 mg, 0.74 mmol), AIBN (3 x 7 mg) and tri-.!!-butyltin 
deuteride (204 mg , 0.70 mmol , 0.03) in dry degassed benzene (23. 3 mL) was heated 
at reflux (under N
2
) for 8 h while being irradiated with ultraviolet light. The solvent 
was removed under reduced pressure and the crude mixture was subjected to MPLC. 
Elution with hexane/ethyl acetate (1 : 1) gave the unreacted starting material (18%). 
Further elution gave a mixture of 270 and 1_(2_propene)-5-benzylthio-2-pyrrolidinone 
276 (50 mg, 1 : 1 mixture by the integration of the IH NMR spectrum). The 2H 
NMR spectrum of the mixture dissolved in acetone (with - 1 % d6 acetone) showed 
two resonances. 6 ppm and 4 ppm, in a ratio of 4 : 1. 
1-(2-Bromo-2-propene)-S-methylthio-2-pyrrolidinone (268). 
Following standard procedure 3.2. 1_(2_bromo-2-propene)-2,5-pyrrolidinedione 327 
(1 g , 4.6 mmol) was reduced to 1_(2_bromo_2_propene)-5-hydroxy-2-pyrrolidinine 
with sodium borohydride. To this was added E-toluenesulphonic acid monohydrate 
(_ 35 mg) and the resultant mixture cooled in a dry ice/acetone bath while methane 
188 . 
thiol gas was passed through the reaction flask. The solution was then stirred at 
0-5 0 C for 6 h and a further 6 h at room temperature. Chromatography on silica gel 
with hexane/ethyl acetate (1 : 1) gave the desired product as a colourless oil (55 %). 
IH NMR (CDCl3) <5 5 .86 ( IH. bs. C=CH): 5.65 (l H. bs . C=CH); 4.74-4.61 
(2H. overlap , CHS. NCH); 3.88 ( IH , d. J= 16 Hz, NCH); 2.65-2.13 (4H. m. 
CH2CH2)· 
13C NMR (CDCI3) <5 173 .8 (C=O); 127.3 (Br.f=C); 119.8 (C=~H2); 62.8 (CHS); 
47.4 (NCH2); 29 .5 , 25.7 (CH2CH2); 10.2 (SCH3). 
Mass spectrum: m/z 204 .2 . 202 .3 (85 %): 84.1 (100 %) . C.l. (+ve) mlz 252 , 250 
(M+ + l , 100 %). 
"'max (neat) 1700 (C=O); 1630 (C=C) cm- I. 
1-(2-Propene)-S-methylthio-2-pyrrolidinone (277). 
The title compound was prepared as a colourless oil. from 1-(2-propene)-2 ,5-
pyrrolidinedione 329 (700 mg , 5 mmol) and methane thiol , in a similar manner to 
the preparation of 1-(2-bromo-2-propene)-5-methylthio-2-pyrrolidinine 268. 
IH NMR (CDCI3) <5 5.83-5.62 ( IH, m, CH=CH2); 5.28-5.17 (2H . overlap , 
CH=CH2); 4.68-4.60 ( lH , m, CHS); 4.42 ( IH, dd, J=4 , 14 Hz , NCH); 3.72 
(lH, ddt 1=8, 14 Hz , NCH); 2.60-2.23 (4H , m, C~CH2); 1. 97 (3H. s, SCH3)· 
13C NMR (CDCI3) <5 173 .9 (C=O); 131.9 (.fH=CH2); 118.4 (CH=CH2); 63.4 
(CHS); 42.37 (NCH2); 30 .0. 26.2 (CH2C~); 10.4 (SCH3)· 
The reaction of 1_(2_bromo_2_propene)-5-methylthio-2-pyrrolidinone 268 with 
tri-n-butyltin hydride. 
A solution of 268 (155 mg, q.62 mmol), AIBN (3 x 7 mg) and tri-.!!-butyltin hydride 
(181.3 mg , 0.62 mmol , 0.03) in dry degassed benzene (20. 77 mL) was heated at 
reflux (under N
2
) for 18 h. The solvent was removed under reduced pressure and 
the crude mixture was subjected to mplc. Elution with hexane/ethyl acetate (2 : 3) 
gave the unreacted starting material (60%). 
189 . 
Further elution gave 1-(2 -propene)-5-methylthio-2-pyrrolidinone 277 (30 mg , 28% ). 
The spectral details of this compound were consistent with those of the authentic 
sample . 
The reaction of 1-(2-bromo-2-propene)-5-methylthio-2-pyrrolidinone 268 with 
tri-n-butyltin hydride . 
A solution of 268 (252 mg , 1 mmol), AIBN (3 x 7 mg) and tri-n-butyltin hydride 
(276 mg , 0.95 0 mmol, 0.03) in dry degassed benzene (31.6 mL) was heated at 
reflux (under N2) for 8 h while being irradiated with ultraviolet light. The solvent 
was removed under reduced pressure and the crude mixture was subjected to mplc. 
Elution with hexane/ethyl acetate (2 : 3) gave the unreacted starting material (12 %). 
Further elution gave 270 (15 mg, 10% ). The spectral details of this were in 
agreement with the known sample. 
Further elution gave 1-(2-propene)-5-methylthio-2-pyrrolidinone 277 (69 mg, 40 %). 
The '2H NMR spectrum of the mixture dissolved in benzene (with - 1 % d6 benzene) 
showed a major resonance at 5.5 ppm and a small peak at 1.5 ppm. 
4-Benzylthio-2-azetidinone 333. 
A solution of benzylthiol (4.8 g, 39 mmol) in methanol (5 mL) was added dropwise 
to a stirred solution of 4-acetoxy-2-azetidinone (5.0 g, 38.8 mmol) and sodium 
hydride (2.0 g, 50%, 42 mmol) in methanol (100 mL). The resultant solution was 
stirred at room temperature for 16 h, poured into cold water (20 mL) and 
concentrated under reduced pressure to - 10 mL. Water (30 mL) was added, and the 
solution extracted with CH2C~ (3 x 40 mL). The organic layer was dried (MgS04) 
and solvent removed under reduced pressure to give the title compound (47 % ). The 
spectral details are consistant with those of known compounds. 58 
190. 
1-(2-Bromo-2-propene)-4-benzylthio-2-azetidinone 269. 
Following standard procedure 3. t. the title compound was prepared from 
4-benzylthio-2-azetidinone 333 (579 mg, 3 mmol) and 2.3-dibromopropene (600 mg. 
3 mmol) as a pale yellow oil (40 %). 
lH NMR (CDCI3) cS 7.30 (5H. bs, aryl); 5.78 (I H, bs , vinyl); 5.20 ( IH. bs. vinyl); 
4.75-4.69 (IH . m. CHS); 3. 14 ( IH. d. J= 16 Hz , NCH); 3.88 (2H, s, SCH2Ph); 
3.58 ( IH , d, J= 16 Hz , NCH); 3.40 (IH , dd, J=4, 16 Hz , CaCH); 2 .95 (I H, dd, 
J=2 , 16 Hz , CaCH). 
The reaction of 1-(2-bromo-2-propene)-4-benzylthio-2-azetidinone 269 with tri-n-
butyltin hydride: 5-thia-l-azabicyclo[ 4.2. O]octan-8-one 293 and 1-(2-propene)-4-
benzylthio-2-azetidinone 278. 
A solution of 269 (11 8 mg , 0.36 mmol), AIBN (3 x 7 mg) and tri-E-butyltin hydride 
(100' mg , 0.34 mmol , 0.03) in dry degassed benzene (11.4 mL) was heated at reflux 
(under N2) for 8 h while being irradiated with ultraviolet light. The solvent was 
removed under reduced pressure and the crude mixture was subjected to mplc. 
Elution with hexane/ethyl acetate (2 : 3) gave 293 (- 3 mg , 6%). 
lH NMR (CDCI3) cS 6.27 ( lH , d, J=12 Hz , vinyl); 5.81-5.73 (1 H, m, vinyl); 
4.67-4.65 (IH, m, CHS); 4.25 ( lH , dd , J=2 , 18 Hz , NCH); 3.63 (1 H, d, J= 18 Hz , 
NCH); 3.46 (1H, ddd , J=2, 4, 16 Hz , CaCH); 2.94 (l H, d, J= 16 Hz , CaCH). 
Mass spectrum: m/z 141.0 (M+, 42%). 
Exact mass: c6H7NaS (M +) requires ; 141.0248. Found; 141.0248. 
Further elution gave the unreacted starting material (20 % ). 
Further elution gave 1_(2_propene)-4-benzylthio-2-azetidinone 278 (26 mg, 31 %). 
C11HlSBrNOS requires : C, 45.21; H, 6.21; N, 4.79; S, 10.97 %. 
Found: C, 45 .50; H, 6.28 ; N, 4.80; S, 10.40 %. 
191. 
IH NMR (CDCIJ) 0 7.31 (5H. bs. aryl): 5.84-5.64 (l H. m. CH =CH2); 5 .27-5 .22 
(lH, m, CH =CH); 5.19-5 . 16 (l H. m. CH =CH); 4.66-4.62 ( IH. m. CHS): 3.94 
( IH. dd. J=6. 17 Hz. NCH): 3.77 (2H. s. SCH2Ph): 3.44 ( IH , dd. J=8 . 17 Hz. 
NCH); 3.29 (lH. dd . J=4. 16 Hz. COCH): 2. 90 ( IH. dd. J=2 . 16 Hz. COCH). 
IJc NMR (CDCIJ) 0 165.3 (C=O): 137 .6. 131.6. 128.7. 127.4, 118.4 (aryl, 
CH=CH2) 109.9 (CH=~H2); 56.4 (CHS); 45.0. 42.8 (NCH2, S~H2Ph); 33 .9 
(CO~H2) ' 
Mass spe~trum: mlz 142.0 (23 %); 110.1 (82 %); 91 ,0 (70 %). 
Exact mass: C6HgNOS (M+ - SCH2Ph) requires: 142.0327. Found; 142.0327. 
\)max (neat) 1760 (C=O): 1645 (C=C) em-I. 
1,3-Dibromopropene. 
The title compound was prepared from I-bromo-l-propene according to the method 
of Miller. IJ9 The IH NMR spectrum was identical with the literature values. 
1-(3-Bromo-2-propene)-2,S-pyrrolidinedione (328). 
Following standard alkylation procedure 3.1 , the title compound was prepared from 
succinimide (4.0 g, 41 mmol) and 1,3-dibromopropene (7. 9 g, 41 mmol) in 50 % 
yield. 
IH NMR (CDCIJ) 0 6.42-6.34 (IH, m, CH=CHBr); 6.24-6.08 (IH, m, 
CH=CHBr); 4.27 (IH, dd, J=2 , 6 Hz, NCH); 4.06 ( IH. dd, J = 2 , 6 Hz, NCH); 
2.74 (4H, s, C~CH2)' 
13C NMR (CDCI3) 0 176.4 (C=O); 128.0, 110.8 (CH=CHBr); 38.02 (NCH2) ; 
28.03 (CH2CH2)· 
Mass spectrum: mlz 138 (lqO%). 
1-(3-Bromo-2-propene)-S-[ (1, I_dimethylethyl)thio]-2-pyrrolidinone (288). 
Following standard procedure 3.2 , the title compound was prepared from 
1_(_3bromo-2-propene)-2,5-pyrrolidinedione 328 (1.0 g, 4.6 mmol) and t-butyl thiol 
(414 mg, 4.6 mmol) in 80% yield. The desired compound was obtained as a 
mixture of the two geometric isomers ( I : I) which were separated by column 
chromatography using hexane/ethyl acetate ( I : I ) as the eluent. 
192. 
IH NMR (CDClJ) (cis isomer) <5 6.35 (t H. d. 1=8 Hz. CH=CHBr): 6.17-6.08 
( IH . m. CH=CHBr): 4.67-4 .62 (l H. m. CHS): 4.26 (t H. ddd. 1=2. 4 . 16 Hz. 
NCH); 4.01 (l H, dd. 1= 8, 16 Hz . NCH): 2.68-2.17 (4H , m, CH2CH2); 1. 38 (3 x 
CHJ ). 
13C NMR (CDClJ) (cis isomer) cS 174.0 (C =0); 130.4 ~H =CHBr); 110. 1 
(CH=CHBr); 62.2 (CHS); 43.6 (~ (CHJ)J); 40.2 (NCH2); 31.4 (3 x CHJ); 31.1 , 
28.8 (CH2CH2). 
IH NMR (CDCI3) (trans isomer) <5 6.32 ( IH , dd. 1=2 , 14 Hz , CH=CHBr); 
6. 10 ( lH, ddd, 1=2,4, 14 Hz , CH=CHBr); 4.67-4.61 ( lH . m, CHS); 4.29 ( lH , 
ddd, 1=2, 4 , 15Hz, NCH); 3.6 ( lH , dd , 1=8 , IS Hz, NCH); 2.66-2.21 (4H, m, 
CH2CH2)· 
13C NMR (CDClJ) (trans isomer) S 173 .8 (C=O); 131.9 ~H =CHBr); 109.3 
(CH"=.fHBr); 61.4 (CHS); 43.7 ~(CHJ)J); 41.5 (NCH2); 3l.5 (3 x CHJ); 30.8, 
28.9 (CH2CH2)· 
Mass spectrum: mlz 294.1,292.1 (M+ + 1, weak); 204.1, 202.1 (100%); 119.0 
(57%); 121.0 (46%). 
Exact Mass: C7H9BrNO (M+ - C4H9S) requires; 201.9867. Found; 210.9867 . 
"max (KBr pellet) 1685 (C=O); 1620 (C=C) em-I. 
The reaction of 1-(3-bromo-2-propene)-5-[( 1, 1-dimethylethyl)thio ]-2-pyrrolidinone 
288 with tri-n-butyltin hydride: 1_(2_propene)-S-thiocarbonyl-2-pyrrolidinone 297. 
A solution of 288 (238 mg , 0.81 mmol), AIBN (3 x 7 mg) and tri-.!!-butyltin hydride 
(228 mg, 0.774 mmol, 0.03) in dry degassed benzene (25.8 mL) was heated at 
reflux (under N
2
) for 8 h while being irradiated with ultraviolet light. The solvent 
was removed under reduced pressure and the crude mixture was subjected to mplc . 
Elution with hexane/ethyl acetate (2 : 3) gave 1_(2_propene)-5-thiocarbonyl-2-
pyrrolidinone 297 (48 mg , 38%) . 
193 . 
IH NMR (CDCIJ) 6 5 .91-5.70 (tH. m. CH=CH2): 5.29-5.18 (2H. m. CH=CH2) ; 
4.50 (2H. d. J =6 Hz. NCH2); 3. 19-3.12 (2H. m. CH2): 2.78-2.71 (CH2). 
IJC NMR (CDCIJ) 6 210 . 1 (C =5): 178.2 (C =0): 129 .6 (~H =CH2) 119.1 
(CH=CH2); 44.3 (NCH2) : 38.7. 28.8 (CH2CH2). 
Mass spectrum: mlz ISS (M+ . 46%); 140 (1 00 %) : 113 (20 %). 
Exact mass: C7H9N05 (M+ ) requires ; 155.0404. Found; 155.0405. 
\)max (neat) 1755 (C=O); 1645 (C=C): 1500-800 (sharp bands) em-I. 
Further elution gave unreacted strating material (40 %). 
Funher elution gave 1 -(2-propene)-5-[( 1, l-dimethylethyl)thio ]-2-pyrrolidinone 275 
(17 mg. 10 % ). The spectral data were consistent with those of the authentic sample . 
The reaction of 1-(3-bromo-2-propene)-5-[( 1 ,.1-dimethylethyl)thio ]-2-pyrrolidinone 
288 with tri-n-butyltin deuteride. 
A solution of 288 (210 mg . 0.712 mmol). AIBN (3 x 7 mg) and tri-.!!-butyltin 
deuteride (197.4 mg. 0.68 mmol, 0.03) in dry degassed benzene (22.5 mL) was 
heated at reflux (under N2) for 18 h while being irradiated with ultraviolet light. 
The solvent was removed under reduced pressure and the crude mixture was 
subjected to MPLC. Elution with hexane/ethyl acetate (1 : 1) gave 1-(2-propene)-5-
thiocarbonyl-2-pyrrolidinone 297 (49 mg. 44 %). The spectral data were similar to 
those of the known sample. 
Further elution gave the unreacted starting material (40 %). 
Further elution gave 1-(2-propene)-5-[( 1, l-dimethylethyl)thio ]-2-pyrrolidinone 
(10 mg, 7%) .. 
1_(3_Bromo_2_propene)-S-benzylthio-2-pyrrolidinone (290). 
Following standard procedure 3.2 , the title compound was prepared as a colourless 
oil (85 %), from 1_(3_bromo-2-propene)-2,s-pyrrolidinedione 328 (500 mg, 2.29 
mmol) and benzylthiol (284 mg, 2.29 mmol). 290 was obtained as a 1 : 1 mixture 
194. 
of the two geometric isomers which were separated by column chromatography using 
hexane/ethyl acetate (1 : 1) as the eluent. 
C14H16BrNOS requires: C. 51.54: H. 4.94: S. 9.83: Br. 24.49%. 
Found: C. 51.44; H. 4.99; S. 9.54: Br, 24.36%. 
IH NMR (CDClJ) (eis isomer) 0 7.27 (5H, bs , aryl); 6.34 (l H, ddd. 1=2. 2. 6 Hz. 
CH =CHBr); 6.12-.6.02 (t H, m, CH =CHBr); 4.59-4 .52 ( IH, m, CHS); 4.24 
( IH. ddd, J=2 , 4 [vicinal] 16 [geminal] Hz , NCH); 4.00 ( IH, dd, 1=8 [vicinal] 16 
[geminal] Hz , NCH); 3.79 ( tH , d, 1= 14 Hz , SCHPh); 3.72 (1H , d , 1= 14 Hz , 
SCHPh); 2.57-2 .06 (4H. m, C~CH2) ' 
lJ C NMR (CDClJ) (cis isomer) 0 173. 9 (C=O); 137.2. 129.6. 128.7, 128.6, 127 .2 
(aryl and CH=CHBr); 110.8 (CH=~HBr); 64.2 (CHS); 40.0 (NCH2); 34.3 
(S~H2Ph); 29.3 , 27.4 (C~C~) . 
IH NMR (CDC!J) (trans isomer) 0 7.31 (5H, bs , aryl); 6.15 (l H, d , J= 14 Hz. 
CH=CHBr); 5.84 (l H, ddd. J=6 , 8, 14 Hz. CH=CHBr); 4.57-4 .50 (1H. m, CHS); 
4.18 (lH, ddd , J=2 , 6,16 Hz. NCH); 3.72 (1H, d , J=14 Hz , SCHPh); 3.65 (1 H, 
d , J= 14 Hz, SCHPh); 3.51 (1H, dd, J=8. 16 Hz , NCH); 2.60-2.10 (4H , m, 
CH2CH2)· 
13C NMR (CDC!3) (trans isomer) 0 173.7 (C=O); 137.3, 131.2, 128.7, 127.4 (aryl 
and CH=CHBr); 109.9 (CH=~HBr); 63.3 (CHS); 41.5 (NCH2); 33.8 (S~H2Ph); 
29.4 , 27.2 (CH2CH2)· 
Mass spectrum: m/z 246 (8%); 204 (94%); 202 (100 %); 121 (51 %); 119 (49% ); 
91 (92 %). 
\I (neat) 1690 (C=O); 1620 (C=C) em-I. 
max 
The reaction. of 1_(3_bromo_~_propene)-5-benzylthio-2-pyrrolidinone 290 with 
tri-n-butyltin hydride. 
A solution of 290 (145 mg , 0.44 mmol), AIBN (3 x 7 mg) and tri-E-butyltin hydride 
(130 mg, 0.44 mmol , 0.03 M) in dry degassed benzene (14.8 mL) was heated at 
reflux (under N
2
) for 18 h while being irradiated with ultraviolet light. The solvent 
was removed under reduced pressure and the crude mixture was subjected to mplc . 
19S . 
Elution with hexane/ethyl acetate (l : I) gave 1-(2-propene)-S-thiocarbonyl-2-
pyrrolidinone 297 (20 mg , 30 %) . The spectral data were similar to 
those of the known sample. 
Further elution gave unreacted starting material (2S %). 
Further elution gave 1-(2-propene)-S-benzylthio-2-pyrrolidinone 276 (20 mg, 18 %). 
The spectral data were consistent with those of the authentic sample. 
The reaction of 1-(3-bromo-2-propene)-5-benzylthio-2-pyrrolidinone 290 with 
tri-n-butyltin deuteride. 
A solution of 290 (262 mg, 0.80 mmol), AlBN (3 x 7 mg) and tri-.!!-butyltin 
deuteride (233 mg, 0.76 mmo!. 0.03 M) in dry degassed benzene (25.4 mL) was 
heated at reflux (under N2) for 18 h while being irradiated with ultraviolet light. 
The solvent was removed under reduced pressure and the crude mixture was 
subjected to mplc. Elution with hexane/ethyl acetate (1 : 1) gave 1-(2-propene)-5-
thiocarbonyl-2-pyrrolidinone 297 (50 mg, 40% ). The spectral data were similar to 
those of the known sample. 
Further elution gave unreacted starting material (38 %). 
Further elution gave 1-(2-propene)-5-benzylthio-2-pyrrolidinone (30mg, 15%). 
1_(3_Bromo-2-propene)-5-methylthio-2-pyrrolidinone 289. 
The title compound was prepared as a clear oil, from 1-(3-bromo-2-propene)-2,5-
pyrrolidinedione 328 (500 mg, 2.29 mmol) and methane thiol. in a similar manner to 
the preparation of 1_(2_bromo-2-propene)-S-methylthio-2-pyrrolidinone 268. The 
two geometric isomers were isolated separately by flash chromatography using 
hexane/ethyl ~cetate (3 : 2) as the eluent. 
CgH12BrNOS requires: C, 38.41; H. 4.83 ; S, 12.82; Br. 31.94%. 
Found: C, 38.64; H, 4.84; S, 12.77; Br, 32.37%. 
IH NMR (CDCI
3
) @ isomer) 0 6.41-6.36 (IH. m. CH =CHBr); 6.20-6.10 (IH. m, 
CH=CHBr); 4.66-4.58 (IH, m. CHS); 4 .32 (IH, ddd, 1=2,6 [vicinal], 
196. 
16 [geminal] Hz. NCH); 4.02 ( tH. dd. 1=8 [vicinal], 16 [geminal] Hz. NCH): 2.62-
2.13 (4H. m, CH2CH2): 2.02 (3H. s, SCH3). 
13C NMR (CDCl3) (cis isomer) 8 173 .8 (C=O); 129.3 (~H=CHBr); 110.7 
(CH=~HBr); 64.1 (CHS); 39.7 (NCH2); 29.6. 26.1 (CH2CH2): 10.7 (SCH3). 
IH NMR (CDCl3) (trans isomer) 8 6.38 ( lH , d , 1=14 Hz, CH=CHBr); 6.21-6 .07 
(1H. m, CH=CHBr); 4.63-4.59 (1H, m, CHS); 4.3 ( IH, dd, 1=6 [vicinal], 
14 [geminal] Hz , NCH); 3.66 (1H , dd. 1=8 [vicinal], 14 [geminal] Hz , NCH); 2 .52-
2.09 (4H , m, CH2CH2); 1.96 (3 H, s, SCH3)· 
13C NMR (CDC13) (trans isomer) 8 173.7 (C=O); 131.1 (~H=CHBr); 
109 .9 (CH=CHBr); 63.2 (CHS); 41.3 (NCH2) ; 29 .6, 25.8 (CH2CH2); 9.9 (SCH3) · 
Mass spectrum: m/z 204,202 (98% ); 170 (5 %); 121, 119 (100 %). 
"max (neat) 1690 (C =0); 1620 (C =C) cm- I . 
The reaction of 1-(3-bromo-2-propene)-5-methylthio-2-pyrrolidinone 289 with 
tri-n:butyltin deuteride. 
A solution of 289 (233 mg, 0.93 mmol) , AIBN (3 x 7 mg) and tri-E-butyltin 
de uteri de (257 mg, 0.88 m nol, 0.03) in dry degassed benzene (29.5 mL) was heated 
at reflux (under N2) for 18 h while being irradiated with ultraviolet light. The 
solvent was removed under reduced pressure and the crude mixture was subjected to 
MPLC. Elution with hexane/ethyl acetate (1 : 1) gave 1-(2-propene)-5-thiocarbonyl-
2-pyrrolidinone 297 (40 mg, 28%). The spectral data were similar to those of the 
known sample. 
Further elution gave 1-(2-propene)-5-methylthio-2-pyrrolidinone (60 mg, 38%). 
Further elution gave the unreacted starting material (24 %). 
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Chapter 4. 
3-Bromo-4-aminobenzoic acid ethyl ester 395. 
Hydrogen peroxide (12.2 mL. 3 %) was added dropwise to a solution of 
4-aminobenzoic acid (15 g, 109 mmol). hydrobromic acid (- 125 mL) and water 
(450 mL). The solution was stirred at ambient temperature for 4 h and the 
precipitate formed was ftItered off. A 1 H NMR spectrum of this precipitate showed 
that it was a mixture of 3-bromo-4-aminobenzoic acid and 3,5-dibromo-4-
aminobenzoic acid in a ratio of - 2 : 1. A solution of a mixture of these. two acids 
(_ 10 g), cocentrated H2S04 (a few drops) and absolute ethanol (- 50 mL) was 
heated at reflux for 16 h. The solution was neutralised with 0.2 N KOH solution and 
the solvent was removed under reduced pressure. Chromatography of the crude 
product on silica gel' using CH2Cl2 as the eluent , gave 3,5-dibromo-4-aminobenzoic 
acid ethyl ester (- 5 g). Further elution gave 3-bromo-4-aminobenzoic acid ethyl 
ester (- 3 g). 
IH NMR (CDC13) 0 8.10 (lH, s, aryl 2CH) ; 7.78 ( lH , d, J=8 Hz, aryl); 6.72 
(IH, d, J=8 Hz, aryl); 4.62 (2H , bs, NH2); 4.31 (2H, q, J= 10 Hz, C02CH2); 1.35 ' 
(3H, t, J= 10 Hz, C02CH2CH3)· 
l3C NMR (CDC1
3
) 0 165.5 (ester C=O); 148.1, 134.3, 130.1, 120.9, 114.1, 107.7 
(aryl); 60.6 (CO£H2); 14.3 (C02CH£H3)· 
Mass spectrum: mlz 243.0, 245.0 (M+, 40%); 200.0, 198.0 (100%); 172.0, 170.0 
(10%). . 
Exact Mass: C9H1079BrN02 (M+) requires; 242.9895. Found; 242.9895. 
3_Bromo_4_(2,S-pyrrolidinedion-l-yl)benzoic acid ethyl ester 400. 
Standard procedure 4 . 1 for the preparation of diones by the combination of acid 
anhydrides with amines . 
A mixture of succinic anhydride (1.0 g, 10 mmol), 3-bromo-4-aminobenzoic acid 
ethyl ester 395 (2.44 g, 10 mmol) and DMAP (- 25 mg) was heated at 140°C for 
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14 h. The crude mixture was dissolved in a minimum volume of CH2C~ and the 
undissolved solid (unreacted succinic anhydride) was filtered off. The filt rate was 
concentrated and the product mixture was chromatographed on silica gel. Elution 
with CH2C~ gave some unreacted 3-bromo-4-aminobenzoic acid ethyl ester 395 and 
the title compound (2 .1 g, - 60 %) as a solid which on recrystalisation 
(ethanol/water) gave colourless plates. mp 134-135 0 C. 
C13H12BrN04 requires: C, 47.88; H, 3.71; N, 4.29; Br, 24.50%. 
Found: C, 48.01 ; H, 3.88; N, 4.28; Br, 24.42%. 
IH NMR (CDCl3) 0 8.38 ( lH. d, J=2 Hz, aryl 2CH); 8.09 (IH , dd, J=2 , 8 Hz , 
aryl 6CH); 7.30 ( lH. d, J=8 Hz , aryl 5CH); 4.40 (2H, q, J=8 Hz , C02CH2); 2.97 
(4H, s, C~CH2); 1.40 (3H, t, J=8 Hz , C02C~CH3)' 
I3C NMR (CDCI3) 0 174.7 (amide C=O); 164.3 (ester C=O); 135.7, 134.6, 133.1, 
130.0, 129.5 , 122.4 (aryl); 61. 7 (CO£~CH3); 28.8 (C~CH2); 14.23 
(C02CH£H3)· 
Mass spectrum: mlz 327.325 Ctv[+ , weak); 282.0, 280.0 (8% ); 246.1 (100%). 
"max (KBr pellet) 1725 (ester C=O); 1710 (amide C=O) cm- I . 
The preparation of Zinc borohydride. 83 
Zinc borohydride was prepared from anhydrous zinc chloride (15.6 g, 114 nunol) 
and sodium borohydride (10.4 g, 275 mmol) as previously described. 
3-Bromo-4-{ 5-[(1, I-dirnethylethyl)thio ]-2-pyrrolidinon-l-yl} benzoic acid ethyl ester 
340. 
The standard procedure 4.2 for the 5-alkylthialation of 2,5-pyrrolidinediones. 
A solution of J_bromo-4-(2 ,5-pyrrolidinedion-l-yl)benzoic acid ethyl ester 400 
(l.5 g, 4 .6) was added to a freshly prepared ethereal solution of zinc borohydride 
(_ 0.4 M, 100 ml). The solution was stirred at ambient temperature for 24 h, and 
the excess borohydride was destroyed by the addition of dilute acetic acid. The 
aqueous solution was extracted with CH2C~ (3 x 50 mL), and the organic layer was 
washed with a solution of saturated NaCl (1 x 50 mL), dried (MgS04) and 
199 . 
concentrated. The residue. 3-bromo-4-(5-hydroxy-2-pyrrolidinone)benzoic acid ethyl 
ester. (- 1.2 g, 3.9) was dissolved in CH2C~ (- 5 mL) and added to a solution of~­
butylthiol (387 mg. 4 .3 mmol ). p-TSA (- 25 mg) in CH2CI2 (15 mL). The reaction 
mixture was stirred at room tempereature fo r 10-20 h. washed wi th O. I N KOH and 
extracted with CH2 C~ , dried (MgSO 4) and concentrated. The residue was 
chromatographed on silica gel using hexane/ethyl acetate (2 : 1) as the eluent to give 
the title compound as a solid (60 %) which on recrystalisation (ethanol/water) gave 
colourless needles , mp 88-90 0 C. 
C
17
H22BrN03S requires: C, 51.00; H, 5.54 ; Br, 19.96; N, 3.50; S, 8.01 %. 
Found: C, 51.12 ; H, 5.52 ; Br, 20.06; N, 3.45 ; S, 8.03 %. 
lH NMR (CDCl3) 0 8.30 ( lH , d, J=2 Hz, aryl 2CH); 8.04 (lH, dd, 1=2, 8 Hz , 
aryl 6CH) ; 7.39 ( lH, d, 1=8 Hz , aryl 5CH); 5.26-5.20 (lH , m, CHS); 4.38 (2H, q, 
1=8 Hz, C02CH2CH3): 2.91-2.28 (4H, m, C~CH2); 1.40 (3H, t, 1=8 Hz , 
C02CH2CH3); 1.09 (9H. s, 3 x CH3)· 
13C 'NMR (CDCI3) 0 173 .7 (amide C=O); 164.6 (ester C=O); 139.9 , 134.1 132 .5 , 
131.7, 128.9, 123.0 (aryl); 63 .9 (CHS); 61.4 (CO£H2CH3); 43.9 ~(CH3)3); 31.4 
(COCH2C~); 31.1 (3 x CH3); 29.8 (CH£H2CHS); 14.2 (C02C~H3)' 
Mass spectrum: m/z 402.0 , 400.0 (M+ +1,6%); 312, 310 (100%). 
\) (KBr pellet) 1715 (overlap of amide and ester C = 0 ) cm'[ . 
max 
The reaction of 3-bromo-4-{ 5-[( 1.1-dimethylethyl)thio ]-2-pyrrolidinon-l-yl} benzoic 
acid ethyl ester 340 with tri-n-butyltin hydride: 2,3,3a,9-tetrahydro-l-oxo-
(lH)pyrrolo[2,1-E]benzothiazole-6-carboxylic acid methyl ester 346. 
A solution of 340 (100 mg, 0.25 mmol), AIBN (- 5 mg) and tri-n-butyltin hydride 
(87 mg, 0 .3 mmol, 0.03 M) in dry degassed benzene (10 mL) was heated at reflux 
under nitrogen for 5 h. The solvent was removed under reduced pressure and the 
residue was chromatographed on silica gel. Elution with hexane/dichloromethane 
(2 : 3) gave 346 (55 mg, 83%). 
I H NMR (CDCIJ) .s 7.85-7 .78 (2H, overlap. aryl); 7.68 (l H. d. J=9 Hz. aryl ): 
6.10-6.03 ( lH, m, CHS); 4 .35 2H. q, J =8 Hz. C02CH2); 2.97-2.42 (4H, m. 
CH2CH2); 1.38 3H . t. 1=8 Hz. C02CH2CHJ). 
200. 
IJC NMR (CDClJ) .s 172.2 (amide C=O); 165.5 (ester C=O): 138.9. 133.5. 127 .8. 
127.7 , 123.6, 115.5 (aryl); 69 .0 (CHS); 61.0 (CO£H2); 34.4. 29.0 (CH2CH2); 
14.2 (C02C~HJ)' 
Mass spectrum: mlz 262.9 (M+, 74%); 207.9 (100%); 179.9 (50%); 161.9 (29% ). 
Exact Mass: CIJHIJNOJS (M+ ) requires ; 263.0616 . Found; 263.0616. 
"'max (CH2C~ film) 1720 (2 x C=O) em-I. 
3-Bromo-4-bromomethylbenzoic acid methyl ester 399. 
A solution of 3-bromo-4-methylbenzoic acid (5 g, 23.2 mmol). concentrated ~S04 
(few drops) in methanol (- SO mL) was heated at reflux for 8 h. The solution was 
neutralised with 0 .1 N KOH and the solvent was removed under reduced pressure to 
give 3-bromo-4-methylbenzoic acid methyl ester (- 5.2 g). A solution of this ester 
(5.2 g. 23 mmol) and NBS (4. 8 g) in CCL4 (- 400 mL) was heated at reflux for 
16 h. The succinimide was ftltered off and the solvent was removed under reduced 
pressure to give the title compound as a solid (4.1 g. 60%). 
lH NMR (CDCI
J
) .s 8.25 ( lH, d, J=2 Hz, aryl 2CH); 7.96 ( lH , dd, J=2 , 8 Hz , 
aryl 6CH) ; 7.53 (lH, d, J=8 Hz, aryl 5CH); 4.61 (2H, s, C~Br); 3.93 (3H, s, 
C02CHJ). 
13C NMR (CDCI
J
) .s 164.8 (ester C=O); 141.4, 134.0, 130.9, 128.6, 124.0 (aryl); 
52.3 (CO£H3); 32.1 (CH2Br). 
3_Bromo_4_[(2,S-pyrrolidine~ion-l-yl)methyl]benzoic acid methyl ester 403. 
Standard procedure 4.3 for N-alkylation of amides and imides. 
A solution of succinimide (1.0 g, 10.1 mmol) and sodium hydride (484 mg, 50%), 
10.1 mmol) in DMSO (15 mL) was stirred at room temperature (under N2) for 0.5 
h. To this was added 3_bromo-4-bromomethylbenzoic acid methyl ester 399 (3.4 g, 
11.1 mmol) dropwise and the resultant mixture was stirred for a further 10-16 h at 
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ambient temperature. The solution was poured into cold water (30 mL), extracted 
with CH2Cl2 (3 x 25 mL). funher washed with water (3 x 25 mL). dried (MgS04) 
and concentrated. Chromatography with hexane/ethyl acetate gave the title 
compound as a solid (2 .2 g, 70 %) which on recrystalisation (ethanol/water) gave 
colourless plates , mp 115-116 ° C. 
C13H12BrN04 requires: C, 47.8; H. 3.71 ; Br, 24.50; N, 4.29%. 
Found: C, 47.81; H. 3.83 ; Bf. 24.74; N, 4.29%. 
IH NMR (CDCl3) 0 8.23 (IH , d, 1=2 Hz. aryl 2CH); 7.89 (l H, dd, 1=2 and 8 Hz. 
aryl 6CH); 7.12 (IH , d, 1=8 Hz , aryl 5CH); 4.81 (2H, s, NCH2); 3.91 (3H , s, 
C02CH3): 2.83 (4H , s. CH2CH2)· 
13C NMR (CDCl3) 0 176.4 (amide C=O); 165.4 (ester C=O); 139.1 , 134.1, 131.1, 
128.5 , 128.1 , 122.8 (aryl) ; 52.3 (CO:£H3); 42.5 (NCH2); 28.2 (CH2CH2)· 
Mass spectrum: m/z 326, 324 (M+ -1, weak); 296.0 (3%); 294.0 (3%); 246.1 
(100%). 
"max' (KBr pellet) 1730 (ester C=O); 1700 (amide C=O) cm,I. 
3-Bromo-4-{ [5-«1, l-dimethylethyl)thio )-2-pyrrolidinon-I-yl]methyl} benzoic acid 
methyl ester 341. 
Following standard procedure 4.2 , the title compound was prepared as a solid (65 %) 
from 3_bromo-4-(2,5-pyrrolidinedion-I-yI)methyl]benzoic acid methyl ester 403 (1.2 
g, 3.6 mmol). Recrystalisation (ethanol/water) of the crude product gave colourless 
needles, mp 116-117 °C. 
C
17
H
22
BrN03S requires: C, 51.00; H, 5.54; N, 3.50; S, 8.01 %. 
Found: C, 51.40; H, 5.82; N, 3.50; S, 8.08%. 
IH NMR (CDCl
3
) 0 8.23 (IH! d, 1=2 Hz, aryl 2CH); 7.94 (lH, dd, J=2, 8 Hz, 
aryl 6CH); 7.21 (lH, d, 1=8 Hz , aryI5CH);4.93 (lH, d, 1=16 Hz , NCH); 4.54-
4.43 (2H, overlap CHS and NCH); 3.92 (3H, s, C02CH3); 2.73-2.26 (4H, m, 
CH2CH2); 1.23 (9H, s, 3 x CH3)· 
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13C NMR (CDCl3) <5 174.4 (amide C=O); 165 .3 (ester C=O); 140.6. 134 .0. 130 .8. 
128.4. 123.0 (aryl): 61.8 (CHS); 52.2 (C02CH3); 44 . 1 (NCH2); 43. 7 (~ (CH3)3); 
31.2 (3 x CH3): 30 .8 (CO~H2CH2); 28.8 (CH~H2CHS). 
Mass spectrum: mlz 370.0. 368.0 (l %); 312.0. 310.0 (1 00 %); 229.0 (76%); 227.0 
(76 %) . 
"max (KBr pellet) 1730 (ester C=O); 1685 (amide C=O) em-I. 
The reaction of 3-Bromo-4-{ [5-« 1, I-dimethylethyl)thio)-2-pyrrolidinedion- l -
yl ]methyl} benzoic acid methyl ester 341 with tri-n-butyltin hydride: 
4-[(5-thioxo-2-pyrrolidinon-1-yl)methyl]benzoic acid methyl ester 351 and 
tetrahydro-1-oxo-pyrrolo-[2,1-~][1,3]9H-benzothiazine-6-carboxylie acid methyl 
ester 349. 
A solution of 341 (400 mg , 1 mmol), AIBN (- 10 mg) and tri-.!:!-butyltin hydride 
(350 mg, 1.2 mmol , 0.03 M) in dry degassed benzene (40 mL) was heated at reflux 
under nitrogen for 5 h. The solvem was removed under reduced pressure and the 
residue was chromatographed on silica gel. Elution with hexane/ethyl acetate (2 : 1) 
gave 351 (170 mg , 65 %). 
C13H13N03S requires: C, 59.30; H, 4.98 ; N, 5.32 %. Found: C, 59 .83 ; H, 5. 16 ; 
N,5 .38 %. 
IH NMR (CDCl3) <5 7.97 (IH , d, J=8 H~ , aryl); 7.46 (IH , d, J=8 Hz, aryl); 5.12 
(2H, s, NCH2); 3.89 (3H, s, C02CH3); 3.20-3.14 (2H, m, CH2CH2); 2.81-2.74 
(2H, m, CH2CH2). 
13C NMR (CDCl3) 0 210.2 (C=S); 178.5 (amide C=O); 166.6 (ester C=O); 139.9, 
129.8, 128.8 (aryl); 52.1 (CO~H3); 45 . 1 (NCH2); 38.8 ~H2CO) ; 28.8 ~~CS) . 
" (KBr pellet) 1750 (ester C=O); 1715 (amide C=O) 1560-700 (many sharp 
max . 
bands due to C=S and N) em-I . 
Further elution gave 349. 
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IH NMR (CDCIJ) 0 7.81 (tH. d. J=2 Hz. aryl); 7.75 ( IH . dd. J=2. 8 Hz. aryl): 
7.19 ( IH. d. J=8 Hz. aryl): 5.22-5.13 (2H. overlap CHS and NCH): 4.31 ( IH. d. 
J= 18 Hz. NCH): 3.90 (3 H. s. C02CH J ): 2.70-2.01 (4H. m. CH2CH2). 
lJC NMR (CDCIJ) 0 173.9 (amide C=O): 166 .1 (ester C=O); 133 . 1. 132.2. 129.8. 
129 .2, 127.9, 126.5 (ary l); 59.1 (CHS); 52.2 (C02CHJ): 42.6 (NCH2): 28.9 
(COCH2CH2); 24.3 (CH~H2CHS). 
Mass spectrum: mlz 263.1 (1 00% ); 232.1 (17%); 180.0 (89 %); 144.0 (99%). 
Exact Mass: ClJHlJNOJS (M+) requires; 263.0616. Found; 263.0615. 
"'max (KBr pellet) 1730 (ester C=O); 1695 (amide C=O) em-I. 
Further elution gave traces of a compound which could be the reduced compound 
and the unreacted starting material. 
2-Methylcarbamylsuccinic acid. 
A solution of aspartic acid (5 g, 37.6 mmol) , methylchloroformate (3.9 g, 41.4 
mmol) and potassium carbonate (20.7 g, 150.4 mmol) in water (80 mL) was stirred 
for 16 h at room temperature. The reaction mixture was then acidified and extracted 
with ethyl acetate (5 x 50 mL). The organic layer was dried (MgS04) and the 
solvent removed under reduced pressure to give the title compound as a solid (3.3 
g,-45%). 
IH NMR (acetone) 0 6.11 (IH, d, J=8 Hz, NH); 4 .64-4.54 (IH, rn, CH); 3.67 (3H, 
s, CHJO); 3.51 (IH, dd, J=4, 17 Hz, CHCHC02H); 2.86 (IH, dd, J=4, 17 Hz, 
CHCHC02H). 
Mass spectrum: mlz 160.0 (0.3%); 146.0 (11 %); 101.0 (6%); 43.8 (100%). 
Exact mass: . CSHg04N (M+. - C02H) requires; 146.0453. Found; 146.0453. 
Succinicanhydride-3-carbamic acid methyl ester. 
A solution of 2_methylcarbomylsuccinic acid (9.3 g, 48.7 mmol) in acetic anhydride 
(80 mL) was heated at 80 0 C for 16 h. The solvent was removed by distillation 
under reduced pressure to yield the title compound as a solid (7.2 g. 85%). 
Mass spectrum: mlz 142.0 (l %) ; 114 .0 (5 %); 10l.0 (100%); 86.0 (7%) . 
Exact mass: CsH404N (M+ - CH30) requires: 142.0140. Found; 142.0141. 
C4H40 3N (M - CH30CO) requires : 114.0191. Found: 114.0191. 
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1-(2-Bromophenyl)-2,5-pyrrolidinedione-3-carbamic acid methyl ester 401. 
Following standard procedure 4.1 , the title compound was prepared as a solid (12.5 
g, 86 %) from succinic anhydride-3-carbarnic acid methyl ester (7 .2 g, 41.6 mmol) 
and 2-bromoaniline (6.9 g, 40 mmol). 
1-(2-Bromophenyl)-5-[(l, I-dimethylethyl)thio ]-2-pyrrolidinone-4-carbarnic acid 
methyl ester 339. 
Following standard procedure 4.2, the title compound was prepared as a mixture of 
the two diastereoisomers (40%) from 1-(2-bromophenyl)-2,5-pyrrolidinedione-3-
carbamic acid methyl ester 40 I (6 g, 18.3 mmol). 
IH NMR (CDCl3) 0 7.64 ( lH , d, J=8 Hz , aryl); 7.45-7.20 (3H, m, aryl); 5.51 
( lH , bs, NH) ; 5.12 ( lH, bs, CHS); 4.48 ( lH , t, J=8 Hz, NHCH); 3.72 (3H, s, 
CH
3
0); 3.07 ( lH , ddt J=8, 17 Hz, ring COCH); 2.41 ( lH, dd, J=2, 17 Hz, ring 
COCH). 
13C NMR (CDCl3) 0 171.9 (ring amide C=O); 156.3 (CH30CO); 134.8, 133.1. 
132.7, 129.8, 127.9, 115.0 (aryl); 69.7 (CHS); 55.6 (CH30); 52.3 (NHCH); 44.6 
(f(CH3)3); 36.1 (ring CO~H2); 31.0 (3 x CH3)· 
Mass spectrum: m/z 313 .0.311.1 (83%); 281.1 , 279.0 (100%); 238.0 , 236.0 
(44%). 
Exact Mass: C12HI/9BrN203 (M+ - C4H9S) requires; 311.0031. 
Found; 311.0032. 
\) (KBr pellet) 1710 (broad peak 3 x C=O) cm· l . 
max 
Reaction of 1-(2-Bromophenyl)-5-( I, 1-dimethylethyl)thio ]-2-pyrrolidinone-4-
carbamic acid methyl ester 339 with tri-n-butyltin hydride: 
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I-phenyl-5-[ (1, I-dimethylethyl)thio ]-2-pyrrolidinone-4-carbamic acid methyl ester 
355, 2,3 ,3a, 9-tetrahydro-l-oxo-(1 H)-pyrrolo-[2, l-E]benzothiazole-3-carbamic acid 
methyl ester 338 and I-phenyl-2-pyrrolidinone-4-carbamic acid methyl ester 354 . 
A solution of 339 (200 mg , 0.5 mmol). AIBN (- 7 mg) and tri-n-butyltin hydride 
(175 mg, 0.6 mmol. 0.03 M) in dry degassed benzene (20 mL) was heated at reflux 
under nitrogen for 5 h. The solvent was removed under reduced pressure and the 
residue was chromatographed on silica gel. Elution with hexane/ethyl acetate (2 : 1) 
gave 355 (32 mg , 20%). 
IH NMR (CDC13) 0 7.50-7.24 (5H , m, aryl); 5.57 (l H, bs , NH); 5.10 (l H, bs , 
CHS); 4.40 ( lH , t , J= 12 Hz. NHCH) ; 3.71 (3H , s. CH30 ); 3.20 (lH , dd, J=6, 17 
Hz , ring COCH): 2.24 (l H, dd, J= 17 Hz, ring COCH); 1.23 (9H , S, 3 x CH3)· 
Mass spectrum: m/z 233 (100 %). c.l. (+ve): ml z 323.1 (M+ + 1, 27%); 265.0 
(24%); 233.1 (100%). 
Exact Mass : C12H13N20 3 (M+ - C4H9S) requires ; 233.0926. Found; 233.0927. 
Further elution gave 338 (40 mg , 30%). 
IH NMR (CDCl3) 0 7.67-6.53 (l H, m, aryl); 7.20-6.98 (3H. m, aryl); 5.80 ( lH , d. 
J=6 Hz , CHS); 5.31 (lH , bs , NH); 4.75-4.58 (l H, m, NHCH); 3.73 (3H , s, 
CH30) ; 3.03 (lH, dd , J=8 , 16 Hz, ring COCH); 2.89-2.71 (I H, m, ring COCH). 
Mass spectrum: m/z 264.2 (M+ , 11%); 233.2 (7%); 200.9 (17%). C.l. (+ve): 
m/z 265.0 (M+l , 72%). 
Exact Mass: CI2HI2N203S (M+) requires ; 264.0569. Found; 264.0570. 
\J
max 
(CH2C~ fIlm) 1750 (2 x C=O) em-I. 
Further elution gave 354 (35 ~g, 30%). 
IH NMR (CDCl
3
) 0 7.54 (IH, d, J=8 Hz , aryl) ; 7.35 (2H, t, J=8 Hz , aryl) ; 7.15 
(1H, t. J=8 Hz , aryl); 5.53 (1H, bs. NCH); 4.43 (lH , bs , NHCH); 4.1 8-1.09 
(IH, m, CHS); 3.68 (3H. S, CH30) ; 2.95 ( IH, dd, J=8 , 17 Hz , ring COCH); 2.49 
(lH, dd, J=4, 17 Hz , ring COCH). 
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l3C NMR (CDCI3) & 171.2 (amide C=O) ; 156.5 (CH30~0); 138.7,128.9 , 124 .9, 
120 .0 (aryl); 55.4 (CH~H2N); 52.3 (CH30); 44.4 (NHCH); 39.4 (ring COCH2). 
Mass spectrum: m/z 234.2 (M+ , 12 %) . C.l. (+ve): mlz 235.1 (M+l, 100%). 
C I2H 14N203 (M) requires; 234 .1004. Found; 234 . 1004. 
"'max (CH2Ci2 film) 1725 , 1705 (2 x C=O) cm-
I
. 
3-Bromo-4-[ (1 ,3-dihydro-l ,3-dioxo-(2H)isoindol-l- 'l)methyl)benzoic acid methyl 
ester 404. 
Following standard procedure 4.3 , the title compound was prepared as a solid 
(1.5 g, 70 %) from phthalimide (838 mg , 5.7 mmol) and 3-bromo-4-
bromomethylbenzoic acid methyl ester (1.6 g, 5 .2 mmol). Recrystaiisation 
(ethanol/water) of the crude product gave colourless plates , mp 135-137 DC. 
C
17
H\2BrN04 requires: C, 54 ,57 ; H, 3.23; Br , 21.35; N, 3.74%. 
Found: C , 54.28; H, 3.31; Br , 21.42 ; N, 3.73%. 
IH NMR (CDCI3) & 8.23 (lH, d, J=2 Hz, aryl); 7.94-7.74 (5H, m, aryl); 7.19 
(1H, d , J=8 Hz, aryl ); 4 .99 (2H, s, NCH2) ; 3.90 (3H, s, C02CH3)· 
13C NMR (CDCI3) & 167 .7 (2 x .C=O); 134 .3, 134.1 , 132.0, 128.6 , 128.0, 123 .7 , 
122.7 (aryl); 52.4 (C02<;;H 3); 41.9 (NCH2)· 
Mass spectrum: mlz 343.9,341.8 (2%); 293 .9 (100 %) . 
'" (KEr pellet) 1770 1725 (2 x C = 0) cm-I . 
max 
3-Bromo-4 {I ,3-dihydro[l-O, I_dimethylethyl)thio]-2-oxo-[lH]-isoindol-l-
yl]methyl} benzoic acid methyl ester 343. 
Following standard procedure 4.2 , the title compound was prepared as a solid 
(770 mg , 65 %) from 3-bromo-4-L(l ,3-dihydro- l ,3-dioxo-(2H)-isoindol- l-
yl)methylJbenzoic acid methyl ester 404 (1 g, 2 .7 mmol). Recrystalisation 
(ethanol/water) of the crude product gave colourless plates , mp 130-131 DC. 
C
2I
H
22
BrN0
3
S requires: C, 56.25; H, 4.95 ; Br, 17.82; N, 3.12; S, 7.15%. 
Found : C , 56.23; H, 4 .95 ; Br, 18.09; N, 2.98; S, 7.43%. 
207. 
'H NMR (CDCI3) 0 8.24 ( lH , d , J=2 Hz, aryl); 7.93-7. 86 (2H, in, aryl); 7.66-7.63 
(2H, m, aryl); 7 .60-7.48 (lH, m , aryl); 7.07 (IH , d, J=8 Hz , aryl); 5.46 (IH, s, 
CHS); 5 .22 (IH, d , J= 16 Hz , NCH2); 4.91 (IH, d, J= 16 Hz , NCH2); 3.90 (3H, s, 
C02CH3); 1.26 (9H, s, 3 x CH3). 
l3C NMR (CDCl3) 0 167 .6, 165.4(2 x C=O) ; 145.4 , 141.1, 134.1, 132.3, 130.7, 
130.6 , 128.9 , 128.7 , 17.6 , 124 .2, 123.7, 122 .6 (aryl); 63.0 (CHS); 52.3 (C02CH3); 
45.3 ~(CH3)3); 43.4 (NCH2); 31.7 (3 x CH3)· 
Mass spectrum: mlz 418.1 , 416 (1 %); 360.0, 358.0 (100 %); 310.1 (49 %); 227.0, 
229 .0 (50 %). 
"max (KBr pellet) 1710 (ester and amide C=O) em-I. 
The reaction of 3-bromo-4 { 1 ,3-dihydro[ 1-(1, 1-dimethylethy1)thio ]-2-oxo-(l H]-
isoindol-l-yIJmethyl} benzoic acid methyl ester 343 with tri-n-butyltin hydride: 
4-[1 ,3_dihydro(l-thioxo-2-oxo-[2H]-isoindol-l-y1)methyl)benzoic acid methyl ester 
360, 1 O-oxo-ll , 12-dihydroisoindol [2, l-E] [1,3 ]-benzothiazene-2-carboxylic acid 
methyl ester 358 and 4{[1,3-dihydro[I-(l ,1-dimethylethyl)thio]-2-oxo-[2H]-
isoindol-l-yl]methyl} benzoic acid methyl ester 357. 
A solution of 343 (224 mg , 0.5 mmol) , AIBN (- 7 mg) and tri-n-butyltin hydride 
(175 mg , 0.6 mmol, 0 .03 M) in dry degassed benzene (20 mL) was heated at reflux 
under nitrogen for 5 h. The solvent was removed under reduced pressure and the 
residue was chromatographecl on silica gel. Elution with hexane/ethyl acetate (6 : 1) 
gave 360 ( 10 mg , 6 %) . 
13C NMR (CDCI
3
) £> 186 .5 (C=S); 169.0 , 166.8 (2 x C=O); 148.6, 143.0 , 134.1, 
132.7 , 130.0 , 129.9, 129.5, 129.0, 128 .6 , 128.4 , 124.7,123 .7 , (aryl) 52.1 
(C02CH3); 45.9 (NCH2)· 
Mass spectrum: mlz 3 11 (M+). 
Exact Mass: C
I7
H
13
N03S (M+) requires; 311.0615. Found; 310.9663. 
" (CH2Ci2 film) 1725, 1705 (2 x C=O) em-I max 
Further elution gave 358 (30 mg, 20 %). 
208. 
IH NMR (CDCI3) <5 8.00-7 .96 (2H , m , aryl ); 7.88-7 .84 (IH, m , aryl); 7.58-7.39 
(4H , m , aryl) 5.47 (IH, s , CHS); 5 .35 (IH, d , J= 14 Hz, NCH2); 4 .51 (IH , d, 
J = 14 Hz , NCH2); 3 .89 (3H , s, C02CH3)· 
13C NMR (CDCI3) (ZL 200) <5 166.7 , 166 .5 (2 K c=o); 147.3, 141.8 , 132.1 , 130.0 , 
128 .8, 128.4 , 124.2 , 123. 7 (aryl); 59 .8 (CHS); 52.1 (C02CH3); 42 .5 (NCH2)· 
Mass spectrum : m/z 311 .0 (m+, 20 %). 
Exact Mass: C17H13N03S (M+) requires ; 311.0616. Found ; 311.0617. 
"'max (CH2Ci2 film) 1725 (ester C = O); 1700 (amide C=O) em-I. 
Further elution gave an inseparable mixture of 357 and starting material. 
IH NMR (CDCI3) <5 8.00-8.74 (2H , m, aryl); 7.74-7.46 (4H , m, aryl); 7.35-7.27 
(2H , m , aryl); 5.42 (lH , d, J = 17 Hz, NCH); 5.36 ( IH , s, CHS); 4 .61 ( IH , d , 
J = 17 Hz , NCH) ; 3.89 (3H , s, C02CH3); 1.23 (9H , s, 3 x CH3)· 
13C NMR (CDCI3) <5 167.7, 166. 7 (2 x C=O); 145.4 , 142.4 , 132.1 , 131.9 , 130.7 , 
130.6, 130. 1, 129.9 , 128 .9.1 28.4 , 124.1 , 123.4 , (aryl); 62.8 (CHS); 52 .1 
(C02CH3); 45 . 7 ~(CH3)3); 42. 5 (NCH2); 32 .0 9(3 x CH3)· 
Mass spectrum: mlz 280.1 (100 %), 149.1 (83 %). c.l. (+ve): mlz 370 .2 
(M+ + l , 12%) . 
Exact Mass: CI7HI4N03 (M+ - C4H9S) requires; 280 .0974. Found; 280.0928 . 
'" (KBr pellet) 1705 (2 x C = 0 ) em-I. 
max 
1 ,3-dihydro-1 ,3_dioxo_2_(2_bromophenyl)-[2H]-isoindok 4~ 
Following standard procedure 4 .1 , the title compound was prepared (4.2 g, 70 %) 
from phthalic anhydride (2 .96 g, 20 mmol) and 2-bromoaniline (4.13 g, 24 mmol) . 
IH NMR (CDCI
3
) <5 7 .98-7.93 (2H, m, aryl); 7.83-7.74 (3H , m, aryl); 7.51-7.30 
(3H , m , aryl). 
13C NMR (CDCI
3
) <5 166.4 (amide C = O); 134.4 , 133.4 , 131.8 , 131.3 , 130.8, 
130.7 , 128.3 , 123.8 , 123.2 (aryl). 
Mass spectrum : mlz 303.0 ,301.0 (M+, 1%); 222. 1 (100 %); 104.0 (11 %); 
76.1 (39 %). 
Exact Mass : C I4H8N02 (M + - 'Br) requires ; 222.0555 . Found; 222 .0556 . 
'\)max (KBr pellet) 1720 (amide C=O) em-I. 
209 . 
1 ,3-Dihydro-l-oxo-2-(2-bromophenyl)-3-[(1 , I-dimethylethyl)thio ]-[2H]-isoindole. 
342. 
Following standard procedure 4.2 , the title compound was prepared (750 mg, 40 % ) 
from 1 ,3-dihydro- l ,3-dioxo-2-(2-bromophenyl)-[2H]-isoindol 402 (1.51 g, 5 mmol) . 
Recrystalisation (ethanol /water) of the crude product gave colourless needles, mp 
142- 144°C. 
C I8 H I8 BrNOS requires : C. 57.45 ; H, 4 .82 ; N, 3.72; S, 8.52 %. Found: C , 57.81 ; 
H, 4.5 I ; N , 3.84; S, 8.36 % . 
IH NMR (CDCl3) & 7.99-7.86 (2H, m, aryl); 7.82-7.75 ( IH , m, aryl); 7.72-7.61 
(2H, m, aryl); 7.54-7.40 (2H, m, aryl): 7 .30-7.25 (IH , m, aryl); 6.09 ( IH , s, CHS); 
1.15 (9H, s, 3 x CH3) · 
13C NMR (CDCI3) & 167.2 (C= O); 145.5 , 134.4 , 133.4 , 132.9 , 132.4, 130.7, 
130.2 , 128.7, 128 .0 , 126.5 , 124 .2, 123 .8 (aryl); 64.2 (CHS); 44.6 ~(CH3)3); 31.3 
(3 x CH3). 
Mass spectrum: mlz 287.9 ,285.9 ( 100 %) ; 108.0 (56 %). 
'\) (KBr pellet) 1705 (amide C=O) em-I. 
max 
3_Bromo_4_[(2_oxo_4_benzylthioazetidinyl)methyl]benzoic acid methyl ester 345. 
Following standard procedure 4.3 , the title compound was prepared (462 mg , 22%) 
from 4-benzylthioazetidinone 333 as a yellow oil. 
I H NMR (CDCI
3
) & 8.22 ( I H. s, aryl 2CH); 7.94 ( IH , d , J = 8 Hz , aryl ); 7.34 
(IH, cI, J = 8 Hz , aryl); 4 .60-4.55 ( IH , m, CHS); 5.48 (lH, cI , J=16 Hz, NCH2); 
4 . 14 ( I H, cI , J = 16Hz, NCH2); 3.93 (3 H, s, C02CH3); 3.72 (IH, d , J = 14 Hz , 
SCHPh) ; 3.64 (IH , cI , J = 14 Hz. SCHPh) ; 3.36 (IH, cld , J =4, 14 Hz , COCH2CHS); 
3.00 (tH, dd , J =2 Hz , COCH2CHS) . 
210. 
13C NMR (CDCI3) 0 165 .5 (amide C=O); 165 .3 (ester C=O); 139.7, 137.3 , 134 .6, 
131.2, 130.5, 123 . 1 (aryl) ; 57.0 (CHS); 52.4 (C02CH3); 45 .3, 44.4 (NCH2 , 
SCH2Ph) ; 33.9 (CO~H2CHS). 
Mass spectrum: mlz 390.0 , 388.0 (2%); 340.1 (26 %); 298 .0, 296.0 (31 %); 229 .0 , 
227.0 (87 %); 91.1 (100%). c.1. (+ve) : 422.1 , 420.1 (M+ +1 , 99 %) . 
Exact Mass: CI9HISN03S (M+ - Br) requires ; 340.1007. Found; 340.1008 . 
"max (neat) 1765 (amide C = O); 1725 (ester C=O) em-I. 
The reaction of 3-bromo-4-l(2-oxo-4-benzylthioazetidinyl)methyljbenzoic acid methyl 
ester 345 with tri-n-bityltin hydride: tetrahydro-l-oxo-azeto[2, l-!?][l ,3]-8,H-
benzothiazene-5-carboxylic acid methyl ester 365 and 4-[(2-oxo-4-
benzylthioazetidinyl)methyl]benzoic acid methyl ester 366. 
A solution of 345 (84 mg , 0.2 mmol) , AIBN (- 4 mg) and tri -n-butyltin hydride 
(70 mg, 0.24 mmol , 0.03 M) in. dry degassed benzene (8 mL) was heated at reflux 
under nitrogen for 5 h. The solvent was removed under reduced pressure and the 
residue was chromatographed on silica gel. Elution with hexane/ethyl acetate gave 
365 (28 mg , 56 %). 
IH NMR (CDCl3) 0 7.83 ( IH , d , 1=2 Hz , aryl2CH); 7.78 (IH, dd , 1=2,8 Hz, 
aryl 6CH) ; 7.41 ( IH , d , 1=8 Hz , aryI5CH); 5 .03-5.02 (IH, m, CHS); 4.83 (lH, d, 
1 = 18 Hz, NCH); 4.35 (LH, d, 1 = 18 Hz , NCH) ; 3.88 (3H, s, C02CH3); 3.61 
(IH , ddd , 1=2, 4, 16 Hz , COCH); 2.93 (1H , dd , 1=2, 16 Hz , COCH). 
13C NMR (CDCI3) (XL 200) 0 166.4 , 166.0 (2 x C = O); 133 .0 , 130.7, 130.6, 
129 .7 , 128.3 , 127.0 (aryl); 52 .3 (C0 2CH3); 49.0 , 46 .0 , 42 . 1 (NCH2, COCH2, 
CHS). 
Mass spectrum: mlz 249 .2 (M+, 3.2%); 221.1 (12%); 218.1 (12%); 207.1 (37%); 
190. 1 ( I %); 180.J (100 %); 121.1 (36%). 
Exact Mass: C I2H II NOJS (M+) requires ; 249.0460. Found ; 249.0459. 
" (KBr pellet) L 770 (amide C = O) ; 1730 (ester C=O) em-I. 
max 
Further elution gave 366 (22 mg , 32 %). 
211. 
I H NMR (CDCI3) 0 8.00 (2H, d , J=8 Hz, aryl) ; 7.43 (2H, d , J=8 Hz, aryl); 7.24 
(5H , bs , aryl) ; 4 .79-4.75 (lH, m, CHS) ; 4.54 (IH, d, J=16 Hz, NCH); 4 .16 
(I H, d, J = 16 Hz , NCH); 3.89 (3H, s, C02CH3); 3.50 (1 H, d, J= 14 Hz, SCHPh); 
3.70 (IH, d , J=14 Hz , SCHPh); 3.38 (1H , dd, J=4 , 16 Hz, COCH); 2 .94 (IH, dd, 
J =2, 16 Hz , COCH) . 
13C NMR (CDCI3) (XL 200) 0 166.7, 165.4 (2 x C=O); 137.4, 137.3, 133.9, 
130. 1, 130.05, 129.9, 128.8 , 128 .7, 128 .6, 128 .2 , 128.1 , 127.5 (aryl); 56.4 (CHS); 
52.2 (C02CH3); 45.2 , 43 .8 (NCH2 , SCH2); 33.7 (COCH2)· 
Mass spectrum: m/z 341 (M+). 
Exact Mass: Cl9HI9N03S (M+) requires; 341.1086 . Found; 341.1086. 
"max (neat) 1760 (amide C=O); 1725 (ester C=O) em-I. 
2-Bromo-2-(2-bromophenyl)acetic acid methyl ester 407. 
The title compound was prepared from 2-(2-bromopheny1)acetic acid (5.0 g) in a 
similar manner to the preparation of 3-bromo-4-bromomethylbenzoic acid methyl 
ester 399 . 
IH NMR (CDCl3) 0 7 .77 ( IH , dd , J=2 , 8 Hz , aryl) ; 7.55 (I H, dd , J=2 , 8 Hz , 
ary); 7.35 (1H, ddd , 1=2,8,8 Hz , aryl); 7.18 (lH, ddd , J=2 , 8, 8 Hz , aryl); 5.91 
(I H , s , CHC02); 3.78 (3 H, s, C02CH3)· 
I3C NMR (CDCI3) (XL 200) 0 168.1 (C=O); 135.2 , 132.9, 130.8 , 130.4 , 128.1 , 
123.4 (aryl); 53.5 (CO:£H3); 45 .5 (fHC02)· 
2_(2_Bromophenyl)-2-(4-benzylthio-2-oxo-azetidinyl)acetic acid methyl ester 344. 
Following standard procedure 4.3 , the title compound was prepared (440 mg, 20 %) 
from 4-benzylthioazetidinone 333 (J.O g, 5 .2 mmol) and 2-bromo-2-(2-
bromophenyl)acetic acid methyl ester 407 (J .S g, 5 .2 mmol) as a mixture of the two 
diastereoisomers in a ratio of 2 : 3. 
IH NMR (CDCl
3
) (both diastereoisomers) 0 7.66-7. 13 (18H, m, aryl); 5.80 , 5 .70 
(lH , s , NCH) ; 4.96-4 .93 (J H, m, CHS); 4.46-4.43 (lH , m, CHS); 3.81 (3H, s, 
C0
2
CH
3
); 3.79 (3 H, s, C0
2
Clh); 3.75 (2H , s, SCH2Ph); 3.60 (2H, d, J=8 Hz, 
SCH2Ph); 3.30 (LH , dd , J = 4 , 16 Hz , COCH2CHS); 3.22 (LH, dd, J=4, 16 Hz, 
COCHCHS); 2.99-2.96, 2.91 -2.89 (2H, overlap, COCHCHS). 
212 . 
13C NMR (CDCl3) (both diastereoisomers) /) 169.0 , 168.9 165.6 (4 x C=O); 137.1, 
133 .2 , 133.1 , 132.4 , 130.8, 1130.5 , 130.4, 130.3, 130.2, 128.7, 128.6, 127.8 , 
127.7, 127 .3, 124.8,124 .7 (aryl); 59 .1, 58.4, 57.2, 57.1, 53 .0, 52 .9, 45.1, 44.6 , 
33.0 , 32.5 (alkyl). 
Mass spectrum: mlz 421 , 419 (M+, 1 %) ; 362 .0 , 360.0 (2%); 340.1 (10%); 298.0, 
296.0 (23 %); 229 .0 , 227 .0 (33%); 148.1 (59%); 91.1 (100%). 
Exact Mass: CI9H1881BrN03S (M+) requires; 421.0170. Found; 421.0171. 
"max (neat) 1765 (amide C = O); 1745 (ester C=O) em-I . 
The reaction of 2-(2-bromophenyl)-2-(4-benzylthi02-oxo-azetidinyl)acetic acid methyl 
ester 344 with tri -n-butyltin hydride: 
tetrahydro-I-oxoazeto[2, I-E] [1,3]-8 ,H-benzothiazene-8-carboxylic acid methyl ester 
368 and 2-(2-phenyl)-2-(4-benzylthio-2-oxo-azetidinyl)acetic acid methyl ester 
369. 
A solution of 344 (l05 mg , 0.25 . mmoJ) , AIBN (- 6 mg) and tri-n-butyltin hydride 
(86 mg, 0 .3 mmol , 0 .03 M) in dry degassed benzene (10.0 mL) was heated at reflux 
under nitrogen for 6 h. The solvent was removed under reduced pressure and the 
residue was chromatographec1 on silica gel. Elution with hexane/ethyl acetate gave 
368 (37 mg, 60 %) 
LH NMR (CDCI3) /) (fr 22-27) 7.78-7 .09 (4H, m , aryl); 5.55 (lH, s, CHC02CH3); 
5.28-5.26 (IH, m , CHS); 3.78 (3 H, s, C02CH3); 3.63 (lH , ddd, J=2 , 4, 16 Hz , 
COCH); 3. 11 (lH , dd , J =2, 16 Hz , COCH) . 
13C NMR (CDCI
3
) (XL 200) /) (fr 22-27) 169.0 , 164.5 (2 x C=O); 129.9 , 128.9 , 
128 .8, 128.5 , 125.7, 124 .9 (aryl); 60.4 (CHS); 53.0 (C02CH3); 48.1, 47.6 
(CO~H2' ~HC02CH3)' 
IH NMR (CDCI3) /) (35-38) 7.41 -7.22 (4H, m, aryl) ; 5 .24 (IH, s, CHC02CH3); 
4 .82-4.77 (JH , m , CHS) ; 3.72 (3H, s, C02CH3); 3.42 (IH, ddd, J=2, 4, 14 Hz, 
COCH); 3. 13 (lH , dd, J =2, 14 Hz, COCH) . 
213. 
13C NMR (CDCI3) (XL 200) 0 (fr 35-38) 167.8, 165.5 (2 x C=O); 131.5, 131.4 , 
129.9 , 128.9 , 128.2 , 127.2 (aryl); 58 .5 (CHS); 53.2 (C02CH3); 50.1 ,43 .6 
(CO~H2' ~HC02CH3)' 
Mass spectrum: mlz 249 (M+). 
Exact Mass : CI2HIIN03S (M+) requires; 249 .0460. Found; 249.0459 . 
""max (neat) 1775 (amide C=O); 1750 (ester C=O) cm- I . 
Further elution gave 369 (21 mg, 25 %). 
I H NMR (CDCI3) 0 7.39 (5 H, bs, aryl); 7.26 (5H , bs, aryl); 5.18 (IH, s, 
CHC02CH 3): 4.56-4.5 1 (1 H, m, CHS); 3.77 (3H, s, C02CH3); 3.73 (2H, s, 
SCH2Ph); 3.23 (lH , dd. J=4 , 15 Hz , ring COCH); 3 .94 (lH, dd , J=2, 15 Hz, ring 
COCH). 
13C NMR (CDCI3) (X L 200) 0 169.3 , 165.4 (2 x C=O); 137.3 , 132.9 , 129.1 , 
l28.8 , 128 .7, 127.3, 123.9 (aryl); 59.5 (CHS); 57.1 (ring CO~H) ; 52.8 (CO£H3); 
44 .8, 44.2 (S~H2Ph , ~HC02CH3)' 
Mass spectrum : mlz 341 (M +). 
Exact Mass: Cl9HI 9N03S (M +) requires ; 341.1086. Found ; 341.1086. 
""max (CH2CI2 film) 1770 (amide C = O) ; 1750 (ester C=O) cm-
i
. 
The attempted hydrolysis of 2,3 ,3a,9-tet rahydro- l -oxo-( 1 H)pyrrolo[2,l-
b]benzothiazole-6-carboxylic acid methyl ester 346. 
a) . Standard procedure 4.4 for the hydrolysis of ethyl and methyl esters. 
A solution of 346 (5 mg, 0.02 mmol) and 10 % aqeous KOH (5 mL) in methanol 
(15 mL) was heated at 40 0 C for I h . The solution was acidified with dilute H2S04 
and was extracted with CH2 Cl2 (3 x 10 mL) . The solvent was removed under 
reduced pressure to give a solid. TLC experiments indicated a mixture of 
compounds . The I H NMR spectrum showed only decomposition products. 
b). Above reaction was repeated usi ng a 10 % sodium bicarbonate solution. Once 
again on ly decomposition products were observed by 1 H NMR spectroscopy. 
214. 
Hydrolysis of 3 ~bromo-4- {5-l« 1, I-dimethyl)ethyl)thio ]-2-pyrrolidinon-l-yl} benzoic 
acid ethyl ester 340: 
3-bromo-4- { 5-[ (1, I-dimethylethyl)thio]-2-pyrrolidinone} benzoic acid 370. 
Following standard procedure 4.4 , 340 (150 mg, 0.38 mmol) was hydrolysed to the 
acid (130 mg, 90 %). 
I H NMR (CDCI 3) 0 8.85 (lH, bs , C02 H); 8.30 (lH, s, aryl 2CH) ; 8.02 (lH, d, 
J =8 Hz, aryl 6CH); 7.41 (lH, d, J=8 Hz, aryI5CH); 5.27-5.18 (IH, m, CHS); 
2. 97-2.25 (4H, m, CH2CH2); 1.08 (9H, s, 3 x CH3)· 
13C NMR (CDCJ3) 0 174.7 (amide C=O) ; 168.0 (acid C=O); 140. 1, 134.7 , 133.3, 
131.3 , 129.5 , 123.4 (aryl) ; 64.1 (CHS); 44.1 ~(CH3)3); 31.4 (CO~H2CH2); 31.2 
(3 x CH3); 30.0 (CH£H2CHS). 
Mass spectrum: mlz 283.9,282.0 (83%); 147.0 (80%); 75.1 (100%). 
Exact Mass : Cli H9BrN03 lM + - (C4 H9S)] requires ; 281.9766. Found; 281.9766. 
"'max (KBr pellet) 3300-2500 (broad OH stretch); 1720 (acid C=O); 1675 (amide 
C=O) em-I. 
The reaction of 3-bromo-4-{5-l( 1, I-dimethyJethyl)thio j-2-pyrrolidinon-l-yl} benzoic 
acid 370 with tli -n-butyltin hydride: tetrahydro-l-oxopyrrolo[2,1-E]benzothiazole-6-
carboxylic acid 371. 
A solution of 370 (100 mg , 0.27 mmol) , AIBN (- 6 mg) and tri-E-butyltin hydride 
(94 mg , 0 .32 mmol , 0.03 M) in dry degassed benzene (10.7 mL) was heated at 
reflux under nitrogen for 6 h . The title compound 371 was formed as a precipitate 
which was filtered and dried (55 mg , 90%). 
C
II
H
9
N0
3
S requires : C, 56 . 16; H, 3.86; N, 5.95; S, 13 .63 %. Found: C, 56 .34; 
H, 3.97 ; N , 5.94; S , 13.94 %. 
lH NMR (CDCI
3
) 0 7.81 (IH, ct , J =2 Hz, aryl 2CH); 7.73 (IH, dd , J=2, 8 Hz , 
aryl 6CH); 7.56 (lH, dd , J =2, 8 Hz , aryI5CH); 6.14 (IH, t, J=7 Hz, CHS) ; 2.95-
2.34 (4H, m , CH2CH2)· 
13C NMR 0 (XL 200, DMSO) 172.7 (amide C=O); 166.5 (acid C=O); 138.3, 
133 .8, 128.0, 127.5 , 123.5 , 114.9 (aryl); 68.9 (CHS) ; 34.0 (CO~H2CH2); 28.9 
(CH£H2CHS). 
Mass spectrum: mlz 234.9 (44%). 
215. 
"'max (KBr pellet) 3600-3000 (broad OH stretch); 1705 (acid C=O); 1695 (amide 
C=O) cm-I . 
3-Bromo-4-{[5-«(1, I-dimethylethyl)thio)-2-pyrrolidinon-l-yl]methyl} benzoic acid 
372. 
Following standard procedure 4.4, the title compound was prepared (90%) from 
3-bromo-4- {[5-«1, I -dimethylethyl)thio)-2-pyrrolidinon- l-yl]methyl} benzoic acid 
methyl ester 341 (125 mg , 0.31 mmol). 
I H NMR (CDCI3) 0 8.28 ( I H, d, J =2 Hz , aryl 2CH); 7.99 (I H, dd, J =2 , 8 Hz, 
aryl 6CH); 7.24 (IH, d , J=8 Hz, aryI5CH); 4.94 (I H , d , J=17 Hz , NCH2); 4.55-
4.47 (2H, overlap CHS and NCH2); 2.77-2.27 (4H , m, CH2CH2); 1.24 
(9H, s, 3 x CH3). 
13C NMR (CDCI3) 0 175 . 1 (amide C=O); 169.3 (acid C=O); 141.4, 134.7 , 130.2, 
129.1 , 128 .5, 123.2 (ary l); 62. t (CHS); 44.4 (NCH2); 43.9 ~(CH3)3); 31.4 
(3 x CH3); 30.9 (CO~H2CH2): 29.0 (CH£H2CHS). 
Mass spectrum: mlz 298.0 , 296.0 (12%); 216.1 (100%). 
Exact Mass: CJ2HI179BrN03 (M+ - C4H9S) requires; 295.9922. Found; 
295.9923. 
'" (KBr pellet) 3300-2500 (broad OH stretch); 1720 (ester C=O); 1650 
max 
(amide C=O)cm-1 . 
The reaction of 3-bromo-4- {[5-« 1, I-dimethylethyl)thio)-2-pyrrolidinon-l-
yl]methyl}benzoic acid 372 with tri -n-butyltin hydride: tetrahydro-l-oxopyrrolo-
[2, I-E][I ,3]-9H-benzothiazine-6-carboxylic acid 373. 
The standard procedure 4.5 for the reaction of acids with tri -n-butyltin hydride. 
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A solution of 372 (50 mg , 0.13 mmol) , AIBN (- 4 mg) and tri -n-butyltin hydride 
(46.6 mg, O. t6 mmol , 0 .03 M~ in dry degassed benzene (5.3 mL) was heated at 
reflux under nitrogen for 6 h. The reaction mixture was poured into 0.1 N KOH 
solution (5 mL). The aqueous layer was washed with CH2C12 (3 x 20 mL), acidified 
(dilute H2S04) and extracted with CH2C~ (3 x 30 mL) to give a solid. 
Mass spectrum: mlz 249.4 (M+, 6 %). 
1-[2-Bromo-4-( ethoxycarbonyl) phenyl] -2, 5-pyrrolidinedione-3-carbamic acid 
methyl ester. 
Following standard procedure 4.1, the title compound was prepared (56 %) from 
succinic anhydride-3-carbamic acid methyl ester (1.4 g, 8.2 mmol) and 3-bromo-4-
~minobenzoic acid ethyl ester 395 (2.0 g, 8 .2 mmol). 
IH NMR (C0C13) & 8.36 (IH, d , J=2 Hz , aryl); 8.09 (lH, dd , J=2 , 8 Hz , aryl); 
7.42 ( IH , d, J=8 Hz , aryl ); 7.27 (lH, t , J=4 Hz, NH); 5.83-5.79 (lH, m , NHCH); 
4.41 (2 H, q , J=8 Hz , C02CH2) ; 3.72 (3H, s, CH30) ; 3.30 (lH, dd , J= 10, 18 Hz , 
ring eOCH); 3.08 (lH, d , J= 18 Hz , ring COCH); 1.40 (3H, t , J=8 Hz , 
C02CH2CH3) · 
13C NMR (COCl3) & 173.7, 171.9, 164.4 , 156.5 (4 x C=O) ; 135.4, 134 .7 , 133.1, 
131.1 , 129.8 , 122.0 (aryl); 61.8 (NCH); 52.9 , 50 .7 (C02CH3, CH30) ; 36.5 
(ring CO~H2); 14.2 (C02CH£H3)· 
1-[(2-Bromo-4-ethoxycarbonyl)phenyl]-5-[(1, I-dimethylethyl)thio ]-2-pyrrolidinone-
4-carbamic acid methyl ester 376. 
Following standard procedure 4 .2, the title compound was prepared (45%) from 
1-(2-bromo-4-ethoxycarbon yl phen yl)-2 ,5-pyrrolidinedione-3-carbamic acid methyl 
ester (1.2 g, 3.0 mmol). 
IH NMR (COCI
3
) & 8.30 ( tH , d , J =2 Hz , aryl) ; 8.04 (I H, dd, J=2 , 8 Hz, aryl); 
7.42 (tH , d , J =8 Hz, aryl ); 6.00 (tH, bs , NH) ; 5.23 (IH, bs, CHS); 4.48-4.34 
(3H, overlap NHCS and C0
2
CH2); 3.70 (3 H, s, CH30); 3.04 (lH, dd, J=8 , 18 Hz , 
ring COCH) ; 3.35 (lH, dd , J =2, 18 Hz, ring COCH); 1.40 (3 H, t , J=8 Hz , 
C02CH2CH3)· 
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13C NMR (CDCl3) 0 171.9 (ring CO); 164 .5 (ester CO); 156.3 (CH30~O); 138.9, 
134.3 , 132.4 , 131.7 , 129 .0 , 122.3 (aryl); 69.5 (CHS); 61.5 (NCH); 55.7, 52.3 
(CO~H3, fH30); 44 .7 ~(CH3)3) ; 36.0 (ring CO~H2); 31.1 (3 x CH3); 14 .2 
(C02CH~H3)' 
Mass spectrum: mlz 429.2 , 427.2 (2%); 385.2, 383 .2 (54 %); 353.1, 351.1 (73%). 
Exact Mass: CIsH1 679 SrN20S (M+ - C4H9S) requires; 383 .0243. 
Found ; 383.0242 . 
3-Bromo-4-{3-methylcarbamyl-4-[ (1, I-dimethylethyl)thio]-l-oxo} pyrrolo benzoic 
acid 377. 
Following standard procedure 4.4 , the title compound was prepared (88 %) from 
1-]2-bromo-4-(ethoxycarbonyl)phenyll -5-[( I , I-dimethylethyl)thio ]-2-pyrrolidinone-4-
carbamic acid methyl ester 376 (120 mg , 0 .25 mmol). 
I H NMR (CDCI3) 0 8.32 ( I H, d , J =2 Hz , aryl); 8.02 ( lH , dd, J=2, 8 Hz , aryl); 
7.44 ( lH. d , J=8 Hz , aryl) ; 5.88 ( IH , bs , NH); 5.23 (l H, bs CHS); 4.49 (lH, t, 
J =6 Hz , CONHCH); 3 .74 (3 H, s, OCH3); 3.11 (IH, dd, J =6, 18 Hz , COCH2CH); 
2.50 ( IH , d , J = 18 Hz COCH2.CH); 1.17 (9H, s, 3 x CH3)· 
Mass spectrum: mlz 357.0.355.0 (12%); 325.0 , 323.0 (55%); 282 .0 , 280.0 (27%); 
202.1(14 %). 
Exact Mass: CI2H879BrN204 (M+ - C4H9S) requires ; 322.9667. 
Found ; 322.9697. 
The reaction of 3-bromo-4-{3-methylcarbamyl-4- l( 1, I-dimethylethyl)thio J- l -
oxo} pyrrolo benzoic acid 377 with tri -n-butyltin hydride: 3-methylcarbamyl-l-oxo-
pyrrolo[2 , I-b Jtetrahydrobenzothiazole-6-carboxylic acid 378. 
Following standard procedure 4.5 , 377 (50 mg, 0 . 11 ) was allowed to react with 
tri -n-butyltin hydride (38 mg, 0 . 13 mmol) to give a mixture of compounds 
containing the title compound. 
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Mass spectrum: mlz 277.4 (M+ - OCH3, 8%). 
3-Bromo-4-[ (2-oxo-4-benzylthioazetidinyl)methyl]benzoic acid 381. 
Following standard procedure 4.4, the title compound was prepared from 3-bromo-4-
[(2-oxo-4-benzylthioazetidinyl)methyllbenzoic acid methyl ester 345 (80 mg, 0.19 
mmol). 
I H NMR (CDCI3) 0 8.26 (I H. cI , J =2 Hz, aryl 2CH); 7.98 (IH, dd, J =2, 8 Hz, 
aryl 6CH) ; 7.37 (IH, d, J=8 Hz , aryl 5CH) ; 7.23 (5H, s, aryl); 4 .63-4.59 (IH, m, 
CHS) ; 4.49 (IH, d, J=16 Hz , NCH2); 4 . 15 (IH, d, J=16 Hz, NCH2); 3.74 (1H, d, 
J= 14 Hz , SCHPh); 3.65 (IH , d , J= 14 Hz , SCHPh); 3.40 (IH, dd , J=6 , 16 Hz, 
COCHCHS); 3 .04 (lH, dd , J=2 , 16 Hz , COCHCHS). 
13C NMR (CDCI3) 0 169.5 (acid C=O); 166.1 (amide C=O); 140.4, 137.3, 134.6 , 
134.5 , 130.6 , 129.7 , 129.2. 128 .7, 128.6 , 127.5, 123 .2 (aryl); 57.2 (CHS); 45 .2 
(SCH2Ph); 44.5 (NCH2) ; 43 .0 (CO~H2CHS) . 
The reaction of 3-bromo-4-l(2-oxo-4-benzylthioazetidinyl)methyl]benzoic acid 381 
with tri-n-butyItin hydride: tetrahydro-l-oxo-azeto[2, 1-~][1 ,3]-8,H-benzothiazene-5-
carboxylic acid 382. 
Following standard procedure 4.5 , 381 (50 mg , 0 . 12 mmol) was allowed to react 
with tri -~ -butyltin hydride (42 mg , 0.14 mmol) to give a mixture of compounds 
containing the title compound . 
Mass spectrum: mlz 235 .2 (M+, 23 %). 
2-(2-Bromophenyl)-2-(4-benzylthio-2-oxo-azetidinyl)acetic acid 384. 
Fo llowing the standard procedure 4.4 , the title compound was prepared (85 %) from 
2-(2-bromophenyl)-2-(4-benzylthio-2-oxo-azetidinyl)acetic acid methyl ester 344 
(50mg, 0 . 12 mmol) . 
IH NMR (CDCI3) (both cliaslereoisomers) 0 8.25 (2H , bs, C02H) ; 7.67-7.12 (18H , 
m, aryl); 5 .86 (IH , s, CHC02H) ; 5.78 (lH. s, CHC02H); 4.95-4.92 (lH, m, CHS); 
4.49-4.44 (IH, m, CHS); 3.72 (2H, s, SCH2Ph); 3.64 (JH, d, J=14 Hz, SCHPh); 
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3.54 (lH, d , J = 14 Hz , SCHPh); 3.36-3.19 (2H, overlap, ring COCH); 3.00-2 .91 
(2H, overlap , ring COCH). 
13C NMR (CDCI3) (both diastereoiosmers) & 171.8 , 171.4 (acid CO) ; 166.6, 166 .5 
(amide C=O); 137.0 , 136 .97 , 133.2, 136.97, 133.09, 133 .06, 132.7 , 132.1, 131.2, 
130.6 , 130.5 , 128 .8, 128 .7, 128.6, 127 .9 , 127.8 , 127.3, 124 .9, 124.8 (aryl); 59.4 , 
58 .7 (CHS); 57.5, 57.4 (C02CH3); (NCH2); ~(CH3)3); (CO~H2CH2); 
(3 x CH3); (CH£H2CHS); (CH2CH2) 
The reaction of 2-(2-bromophenyl) -2-(4-benzylthio-I-oxo-azetidinyl)acetic acid 384 
with tri -n-butyltin hydride : tetrahydro-1 -oxoazeto[2, 1-~] [1 ,3]-8,H-benzothiazene-8-
carboxylic acid 385. 
Following the standard procedure 4.5 , 384 (35 mg , 0.09 mmol) was allowed to react 
with tri -n-butyltin hydride (30 mg , 0 . 10 mmol) to give a mixture of compounds 
containing the till e compound. 
Mass spectrum: m/z 235.2 (M+, 13%); 190 .0 ( 13 %) . 
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Table 1. Kinetic data for the cyclisation of 93a.b 
Temp (0C) [Sn]o [C] ClUc ~/~H 
120 0 .756 0.561 2 .877 0.983 
120 1.155 0.758 1. 911 0.970 
100 0.756 0.537 2.457 0.827 
100 1.155 0.735 1.746 0.845 
77 0 .756 0.503 1.900 0.656 
77 0 .959 0 .589 1.580 0.651 
77 1.155 0.657 1.320 0.632 
50 0.756 0.441 1.587 0.474 
50 0 .959 0.520 1.150 0.464 
50 1.155 0 .582 1.013 0.469 
20 0.756 0.393 1.073 ' 0.329 
20 0 .959 0.464 0.930 0 .354 
20 1.155 0.493 0.745 0.326 
akinetic experiments were carried out under second order conditions , bbenzene 
solvent , cas determined by gc. 
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Table 2. Kinetic data for the cyclisation of 94.a,b 
Temp (0C) [SnJo lc] ClU
c ~/~H 
120 1.285 0.836 1.860 1.039 
120 1.426 0.944 1.808 1.113 
100 1.285 0.808 1.695 0.933 
JOO 1.426 0.864 1.542 0.932 
80 1.285 0.798 1.643 0.901 
80 1.426 0.849 1.47 L 0.884 
60 1.285 0.751 1.406 0.757 
60 1.426 0.823 1.366 0.812 
40 1.285 0.717 1.263 0.670 
40 1.426 0.766 1.163 0.675 
20 1.285 0.681 1.129 0.589 
20 1.426 0.704 0.974 0.551 
a kinetic experiments were carried out under second order conditions, bbenzene 
solvent, cas determined by gc . 
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Table 3. Kinetic data for the cyclisation of l09a,b 
Temp (0C) lSnJo ClU
c ~C/~H 
104 0.421 0.708 0.298 
104 0.463 0.733 0.339 
100 0. 197 1.818 0.356 
100 0.242 0.969 0.235 
100 0.294 1.084 0.319 
100 0.397 0.498 0.197 
80 0. 192 1.087 0.210 
80 0.294 0.685 0.201 
80 0.397 0.487 0. 193 
52 O. J 97 0.782 0.153 
52 0.294 0.461 0.136 
SO 0 . 192 0.697 0.134 
50 0.242 0.584 0.142 
50 0.294 0.418 0.123 
30 0.294 0.169 0.050 
30 0.397 0.157 0.062 
10 0.242 0.244 0.059 
akinetic experiments were carried out under pseudo first order conditions, 
bcyclohexane solvent , cas detelmined by hplc. 
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Table 4. Kinetic data for the cyclistion of 11 O. a,b 
Temp lSn]o C C+ 1,6c ~c+kl , 6 C/1,6d ~c/~H ~1,6/~H 
(0C) R ~H 
100 0.302 1.455 
100 0.504 1.246 0.553 10.58 0.487 0.046 
80 0.302 1.607 
80 0.401 1.228 0.467 10.68 0.427 0.040 
80 0.504 0.838 
50 0 .302 1.247 
50 0.401 0.882 0.365 1l.49 0.335 0.029 
II 0 .302 0.830 
II 0.401 0.695 0.257 13 .09 0.0170 0.018 
11 0.504 0.502 
akinetic experiments were carried out under pseudo flrst order conditions , 
bcyclohexane solvent , cas determined by 2H NMR spectra, das determined by hplc. 
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Table 8. Kinetic data for the cyclisation of 176. a,b 
Temp (0C) l!-BuSHf C/Ud ~c x 107 
50 0 .537 2.316 l.24 
50 0.411 3.292 l.35 
50 O. L 76 16.826 2.97 
50 0 .088 35.308 3.12 
akinetic reactions were carried out under pseudo first order conditions , bbenzene 
solvent , Cinitial concentration of ! -butylthiol, das determined by gc. 
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Table 9. Kinetic data for the cyciisation of 182.a,b 
Temp (oq lPhSHf C/Ud ~ x 108 
50 0.827 2.36 3.26 
50 0.718 2.63 3.15 
50 0 .600 3.38 3.39 
50 0.486 4.65 3.78 
50 0.404 5.33 3.60 
50 0.291 6.21 3.02 
akinetic reactions were carried out under pseudo first order conditions, bbenzene 
solvent , Cinitial concentration of thiophenol, das determined by gc. 
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Table 10. Kinetic data for the cyclisation of 202. a,b 
Temp (0C) l!-BuSH]C ClUd ~c x 105 
50 0.489 0.120 5.8 
50 0.306 0 . 178 5.4 
50 0.183 0 .300 5 .5 
50 0.272 0 .248 6.7 
50 0.206 0.336 6.9 
50 0.161 0.439 7.1 
akinetic reactions were carried out under pseudo first order conditions , bbenzene 
solvent , Cinitial concentration of ! -butylthiol , das determined by gc. 
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Table 11. Kinetic data for intermolecular hexyl radical attack at diphenyl 
disulphide. a,b 
Temp (0C) [Pr]m C [PhSSPh]m 220/219d ks x 106 
50 0.052 2.950 30.273 1.18 
50 0.048 1.948 24.436 1.33 
50 0 .059 0.94 L 9.000 1.23 
50 0.049 0.759 8.049 1.15 
50 0.048 0.555 7.600 1.45 
akinetic experiments were carried out under pseudo first order conditions , bbenzene 
solvent, cmean concentration of the precursor, das determined by gc. 
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Table 12. Kinetic data for intermolecular hexyl radical attack at di-E-butyl 
disulphide. a,b 
Temp (0C) lPrJ m
c IBuSSBuJ m 2211219
d k x 104 
-s 
50 0.074 2 .893 1.468 8.22 
50 0.066 1.957 0.903 6.74 
50 0.050 0.964 0.722 8.28 
50 0.064 1.970 1.061 7.58 
50 0.032 0.986 1.037 7.49 
50 0.016 0.493 1.063 7.54 
akinetic experiments were carried out under pseudo first order conditions, bbenzene 
solvent , cmean concentration of the precursor , das determined by gc. 
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Table 13. Kinetic data for the cyclisation of 222. 
Temp (0C) 
50 
50 
50 
104 
104 
[PrJ
o 
C 
0.053 
0.193 
0.360 
0.031 
0 .071 
[CJd 
0.0110 
0.0183 
0.0236 
0.0099 
0.0199 
~C/~Hxl02 
0.426 
0.496 
0.567 
0.548 
0.991 
~cxl04 
0.937 
1.09 
1.25 
3.03 
5.48 
akinetic experiments were carried out under second order conditions, bbenzene 
solvent, Cinitial concentration of the precursor, das determined by gc. 
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Table 14. Kinetic data for the cyclisation of 223. a,b 
Temp (0C) 
50 
50 
104 
104 
lPrJo
c 
0.0335 
0.0499 
0 .029 
0 .050 
lC]d 
0.0007 
0.0008 
0.0033 
0.0047 
~C/~Hx 10-2 
1.24 
1.41 
0. 10 
0 . 132 
~cxl02 
2.73 
3.11 
55.0 
73 .1 
akinetic experiments were carried out under second order conditions, bbenzene 
solvent, cinitial concentration of the precursor, das determined by gc. 
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Table 15. Kinetic data for the cyclisation of 263 & 233.a.b 
Rad. 
Ph 
Ph 
Ph 
Me 
Me 
Me 
Temp(O C) [Pr]o C 
104 0.031 
104 
104 
104 
104 
104 
0.052 
0.070 
0.031 
0.050 
0.071 
0.0008 
0.0014 
0.0016 
0.0003 
0.0003 
0.0004 
1.54 8.48 
2.72 
2.85 
0.378 
0.465 
0.504 
15.0 
15.8 
2.09 
2.56 
2.78 
akinetic experiments were carried out under second order conditions , bbenzene 
solvent , cinitial concentration of the precursor, das determined by gc. 
232. 
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APPENDIX 2 
234 . 
UH 
AX R • 
Steady state treatment of the generalised reaction outlined in Scheme A. I , 
in which the unimolecular rearrangement of the intermediate radical , eg , cyclisation 
or intramolecular hydrogen atom transfer to afford the rearranged product (R ~ RI ' ), 
competes with the bimolecular hydrogen atom transfer from tri-n-butyltin hydride to 
afford the reduced product (R ~ UH), gives , 
d[R I H] / d[UH] = ~R / ~H [SnH] A.I 
Under pseudo first order conditions where [SnH] > > [R], to a good 
approximation, the concentration of stannane could be taken as being constant 
throughout the reaction. Under these conditions, above expression integrates to , 
in which; 
~R / ~H = [R[ H] [SnH] / [UH] 
[R
I 
H] = the final concentration of the rearranged product , 
[UH] = the final concentration of the reduced product and 
[SnH] = the concentration of stannane. 
A.2 
The above expression could also be represented as; 
[R1 H] / [UH] = ( ~R / ~H ) / [SnH] A.3 
If pseudo first order conditions are not. met, then expression A. I , 
integrates to; 
[R1 H] = ~R / ~H In {([SnH]o + ~R / ~H) / ([SnH]f + ~R / ~H)} A.4 . 
in which ; 
[SnH]o = the initial stannane concentration, 
[SnHh = the final stannane concentration and 
[RIH] = the final concentration of rearranged product. 
Expression A.4 cannot be solved by simple graphical or 
235. 
arithmatical means. In all work discussed in this thesis a computer based iterative 
method was employed. 
236 . 
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